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with a sample electrode made as a part of the textile. Knitted on an 
SGG122SV Shima Seiki Machine. Reproduced by permission of The Royal 
Society of Chemistry.  
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• Fig. 4.2 Comparison of screen printed carbon fibers from woven and knitted 
devices show good integration of activated carbon particles and similar 
carbon fiber structures. a-b) SEM micrograph of woven carbon fibers. c-d) 
SEM micrograph of knitted carbon fibers. e) SEM micrograph of the cross 
section of a YP17 woven CF device, ~350 µm thick. f) close-up of a few 
carbon fibers with a network of activated carbon formed between the fibers. 
g) multiple carbon fibers networked together by activated carbon particles. 
Reproduced by permission of The Royal Society of Chemistry.  
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• Figure 4.3. a) cyclic voltammograms scanned at 5 mV·s-1 and normalized to 
capacitance per area; b) galvanostatic curves taken at 0.4 ± 0.03 A/g; c) EIS 
plots measured from 200 kHz to 10 mHz and normalized per cm2. d) 
enlarged high frequency region of knitted CF EIS curve. Resistance is taken 
at 1 kHz. All curves represent the best performing samples of each set. 
Reproduced by permission of The Royal Society of Chemistry.  
107 
• Figure 4.4. a) shows a series of cyclic voltammograms at 2mV·s-1  while 
under different bending conditions. b) depicts capacitance retention under 
different bending conditions. Reproduced by permission of The Royal 
Society of Chemistry.  
110 
• Figure 5.1 Concept illustration of a garment device embedded with 
electronic components knitted into the fabric. a) sensing fabric to monitor 
vitals or the environment; b) communication/logic fabric for sending, 
recieving and interpreting information, c) energy harvesting fabric, such as 
piezoelectric materials or triboelectrics that can harvest energy from 
breathing; d) energy storing fabric, with alternating anodic/cathodic stripes. 
Reproduced with permission from John Wiley and Sons. 
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• Figure 5.2 SEM images of yarn and carbon materials, a) uncoated cotton 
yarn, b) activated carbon particles; c) a single stainless steel fiber, d) twisted 
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AC-NFW and steel yarns, e) close-up of the yarn surface after AC-NFW on 
cotton. f) native cotton yarn cross-sectional view, g) AC-NFW cotton yarn, 
h) AC-St-NFW cotton yarn. Reproduced with permission from John Wiley 
and Sons. 
• Fig. 5.3	   SEM	   images	   of	   natural	   fiber	   welded	   yarns	   without	   carbon.	   A.	  cotton,	   b.	   linen,	   c.	   bamboo,	   d.	   viscose	   nylon	   blend.	   Reproduced with 
permission from John Wiley and Sons. 
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• Figure 5.4 Electrochemical results for all carbon welded yarns. a) CVs 
taken at 5 mV/s for cotton yarns that underwent AC-NFW and AC-St-NFW 
normalized to capacitance per length. b) EIS plots taken from 200 kHz to 10 
mHz for the cotton devices from a, the larger plot is the close-up of the high 
frequency region, and the inset depicts the entire curve down to 10 mHz. c) 
CVs of AC-NFW samples soaked at 5, 10 and 20 minutes in SiWA, and are 
normalized to capacitance per length (mF/cm) vs. voltage. d) EIS results 
taken from 200 kHz to 10 mHz, large plot: close up of high frequency region, 
inset: full plot from high to low frequencies. e) Long term cycling at 0.2 A/g 
over 3000 galvanostatic cycles. f) Flexibility testing of AC-NFW cotton 
yarns at 10 mV/s. The device was tested while (1) Flat, (2) Bent 180 degrees, 
(3) Bent again at 180 degrees, (4) Curled twice upon itself, (5) Crumpled into 
a ball without crossing the anode and cathode leads, and (6) finally flat again. 
Reproduced with permission from John Wiley and Sons. 
121 
• Figure 5.5 a) Cyclic voltammetry at 5 mV/s of AC-NFW linen, bamboo and 
viscose yarns as compared to AC-NFW for cotton, and graphene embedded 
cotton (Gr-NFW). b-g) SEM images b) native linen yarn, c) native bamboo 
yarn, d) native viscose-nylon yarn, e) AC-NFW linen, f) AC-NFW bamboo, 
g) AC-NFW viscose-nylon. Reproduced with permission from John Wiley 
and Sons. 
126 
• Figure 5.6 Photographs of knitted samples. a) photograph of a flat knitted 
supercapacitor, b) photograph of knitted supercapacitor while stretched, c) 
close-up photograph of knitted electrode stripes, d) yarn prior to knitting 
wrapped around a finger demonstrating its flexibility. Reproduced with 
permission from John Wiley and Sons. 
128 
• Fig. 5.7	   Stress	   strain	   curves	   for	   various	   yarns.	   a)	   Comparison	   of	   the	  native	   cotton,	   linen	   and	   bamboo	   to	   their	   AC-­‐NFW	   counterparts.	   b)	  Comparison	  of	   the	  native	   cotton	   to	  AC-­‐NFW	  with	  different	   amounts	   of	  binder,	   ranging	   from	   0.5	   to	   1.5	  wt.%.	  Reproduced with permission from 
John Wiley and Sons. 
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• Fig. 6.1 Concept design for a garment device incorporating a knitted 
interdigitated supercapacitor.  
134 
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• Fig. 6.2 Illustration showing how conductive yarns can be treated as wires in 
parallel. (a) Schematically shows two intertwined rows of conductive yarn, 
where each yarn is labeled and treated as a resistor, R1 or R2. (b) Shows the 
resistive network of these two intertwined yarns, where each block represents 
the R of a length of the yarn, and the red smaller squares represent the Rc RC 
between the two conductive yarns. For metallic yarns such as the stainless 
steel, RC has a negligible role, and the circuit can be simplified to two 
resistors wired in parallel as seen in panel (c).  
136 
• Fig. 6.3 DC conductivity measurements when rows of conductive fabric are 
flat and stretched (a) 3D simulations of one, two and three knitted conductive 
rows, along with their predicted and measured Rs when flat. (b) Shows the R 
of the same fabrics when a load (stretch) is applied to the fabric. 
138 
• Fig. 6.4 Rc between steel yarns for a single contact. (a) The experimental 
set-up for determining the Rc between two yarns, where each yarn is 
connected to a terminal, and a weight is hung from one end to apply a force 
on the yarn. (b) Shows the Rc (Eq. 3) for three types of stainless steel yarn. 
Measurements are the average of 3 samples per yarn type.  
139 
• Fig. 6.5 Stainless steel yarn set-up for preliminary electrochemical testing, 
with yarns separated by different distances. 
140 
• Fig. 6.6 Strands of flat steel yarns electrochemically tested at different 
distances prior to knitting for baseline C and R. (a) Shows the device C per 
length (mF/cm) of multiple samples at varying electrode spacing. C is taken 
from CVs at 10 mV/s. (b) R per length (Ω /cm) taken from 1 kHz during 
impedance spectroscopy. Linear fit (red line) for both completed in Origin 
Pro 2015. 
141 
• Fig. 6.7 Photographs of knit supercapacitor structures. (a) Stripe knit 
geometry, the simplest of the three, while also a building block for them all. 
(b) Interdigitated knit geometry, intended to mimic conventional 
interdigitated supercapacitor geometries. The stripe and interdigitated are on 
a single plain of fabric, making them ideal for t-shirt or fine knit applications. 
(c) Planar 3D knit geometry, where each electrode is on the front and back of 
the fabric and is separated by a non-conductive spacer yarn inlayed between 
the two layers. This mimics conventional film electrode sandwiched 
configurations, (Chapter 3). 
144 
• Fig. 6.8 Textile electrochemical cell. A custom electrochemical testing 
device was built for the knitted supercapacitors, where each clamp also acts 
as a current collectors which connect directly to the potentiostat. Once the 
fabric is secured, the chamber can be flooded with electrolyte or gas, or 
could incorporate a gas bubble. When testing the right clamp can be adjusted 
to stretch the fabric. Fabrics are custom designed to fit in this chamber. Tests 
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are carried out assuming a 2-electrode symmetric cell. Baseline contributions 
from any exposed surface from the current collectors is subtracted from 
reported values of C. 
• Fig. 6.9 Device C and R vs. Elongation plots for interdigitated and striped 
geometries. (a) interdigitated device C vs. elongation for 3 different devices, 
C taken at 10 mV/s. (b) striped devices C vs. elongation from 3 devices also 
taken at 10 mV/s. (c) Device R vs. elongation for stripe devices taken from 
EIS where the curve crosses the x-axis. (d) Device R vs. elongation for 
interdigitated devices, also taken from the x-axis. 
145 
• Fig. 6.10 Images of interdigitated capacitor fabrics being stretched (a) weft 
stretching from 60 – 80 mm with 2 cm line marked down middle of each 
depicted device. (b) Warp stretching with electrode spacing measurements 
from 30 – 36 mm. 
147 
• Fig. 7.1 Conceptual block diagram of components to be integrated into a 
single textile, including (a) a textile antenna, (b) rectifying circuitry and (c) 
textile supercapacitor. Figure courtesy 2014 Senior Design Group Winter 
Report, Drexel Wireless Systems Lab.  
156 
• Fig. 7.2 Antenna simulation with estimated dimensions, assuming the 
conductive material is copper. Figure courtesy 2014 Senior Design Group 
Winter Report, Drexel Wireless Systems Lab.  
157 
• Fig. 7.3 Return loss plots for imaged textile antennas. (a) Photograph of flat 
test of knitted antenna. (b) Photograph of stretch testing apparatus for knitted 
antenna. (c) simulated return loss plots for a copper model of the same 
dimensions. (d) Measured return loss of the textile antenna when flat, 
stretched 5mm and stretched 10mm. Figure courtesy 2014 Senior Design 
Group Winter Report, Drexel Wireless Systems Lab.  
158 
• Fig. 7.4 Fully knitted energy harvesting and storage system. (a) multiple 
knitted devices secured in embroidery hoops. (b) front of the antenna and 
supercapacitive fabric. (c) back of the device, also revealing a pocket for 
housing on-chip circuitry, such as the rectifying circuit. (d) close up of 
knitted antenna, composed of silver coated nylon. (e) back of antenna. (f) 
close up of pocket with right side opening and conductive leads to connect 
the inserted chip with the antenna and supercapacitor.  
159 
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III. List of Equations 
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 Innovative and interdisciplinary solutions to wearable textile energy storage are 
explored as power sources for wearable electronics and smart textiles. Due to their long 
cycle life, non-toxic and inexpensive materials, supercapacitors were converted into 
textiles. Textile supercapacitors were developed using scalable fabrication methods 
including screen-printing, yarn making, and 3D computerized knitting.  
 The electrode materials reported in this thesis undergo thorough electrochemical 
analysis, and are capable of storing up to 0.5 F/cm2 which is on par with conventionally 
solid supercapacitors (0.6 F/cm2). Capacitive yarns are capable of storing up to 37 mF/cm 
and are shown to be knittable on industrial knitting equipment. Both are some of the 
highest reported capacitance for all-carbon systems in the field. Yet both are the only 
systems composed of inexpensive and non-toxic activated carbon, the most commonly 
used electrode material used in supercapacitors, opposed to carbon nanotubes or 
graphene, which are typically more 10-100 times more expensive. However, all of the 
fabrication techniques reported here are also capable of incorporating a wide variety of 
materials, ultimately broadening the applications of textile energy storage as a whole. 
 Fully machine knitted supercapacitors are also explored and electrochemically 
characterized in order to determine how the textile structure affects the capacitance.  In 
conclusion, a wide variety of fabrication techniques for making textile supercapacitors 
were successfully explored.  
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CHAPTER 1.0: Introduction and literature review 
 
Electrochemical energy storage has become a dominant field of research as 
portable electronics have become a ubiquitous part of everyday life2-6. However, even 
with the tremendous advances in battery research7-9, users are still demanding longer 
battery life between charging while also demanding smaller, thinner, and now even 
wearable and flexible devices10-13. Since 2010, textile energy storage has become a 
prominent field with the ultimate goal of powering the next generation of garment 
devices and smart textiles14-16. Wearable energy storage systems4 have applications that 
could provide power to medical bio-monitoring devices or implants17, military equipment 
for soldiers in combat, safety and construction gear like illuminated vests, and the general 
public as waves of wearable electronics hit the market2, 14, 15, 17, 18 (Fig. 1.1).  Notable 
examples of wearable technology include, Nike Fit, Adidas MiCoach, Cutecircuit Galaxy 
Dress and T-shirtOS, “Hi-call” Bluetooth enabled phone-glove, Google Glass, and the 
Apple Watch. However, many of these garment devices still use solid coin cells or pouch 
cell lithium batteries, which can be cumbersome, bulky, and are typically stitched or 
glued into the garment after assembly. To date a fully developed textile energy storage 
device does not exist in the market, nor does a streamlined manufacturing process 
integrating the various components. Papers from the smart garment and energy storage 
communities point out the need for wearable, flexible batteries and supercapacitors.2, 19-21 
In order to fill this market need, researchers have fused traditional apparel design and 
materials science to create flexible textile supercapacitors and batteries. 
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In order to determine which energy storage technology would be ideal for 
wearable applications, we must first consider the design parameters and limitations a 
garment device will have. 
 
 
 
Fig. 1.1  Power dressing. Design concept for self-powering “smart” garments, outfitted with piezoelectric 
patches to harvest energy from body movements and flexible electrochemical capacitors to store the 
energy. Power to camouflage uniforms is one possible use.2 J. Miller, Science, 335 (2012) 1312. Reprinted 
with permission from AAAS.   
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1.1 Design and material parameters for wearable electronics 
Durability and flexibility: Similarly to regular garments, garment devices 
incorporating battery fabrics must be able to withstand normal wear and tear from 
everyday use. Therefore many researchers include electrochemical testing of their 
devices not only when flat but also when bent or stretched. The majority of reported 
devices in the field are not robust enough to withstand bending, particularly electrode 
materials with films, that crack or flake off. Therefore, the materials selection, fabrication 
technique, and device design will greatly inform the robustness of the device. Durability 
is less dependent on the type of energy technology, and more so on the manufacturing 
technology. However, some device failures are safer than others. For example, lithium 
ion batteries may catch fire if the separating membrane is breached, while an aqueous or 
polycarbonate (PC) supercapacitor will simply discharge/neutralize because it is 
composed of a non-flammable electrolyte.  
Reliability: If garments devices are to last years, the chosen battery technology 
must be reliable for the predicted lifetime of the garments, requiring replacement only if 
damaged. For techniques incorporating the battery into the textile material, a device 
failure would require replacing the entire garment. Therefore a device with a long cycle 
life (>10,000 charge-discharge cycles) would be ideal.  
Cost of materials and manufacturing: Some battery and supercapacitor 
systems are composed of rare earth metals, they may also require complex and expensive 
manufacturing processes. Given that these must be converted into textiles, abundant 
materials have a greater chance of successful commercialization. In particular, many of 
the works described here utilize carbon materials, one of the most abundant elements on 
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the planet. Different forms of carbon vary in cost; activated carbon and graphite are 
relatively inexpensive materials frequently used in supercapacitor and battery electrodes. 
An energy storing technology that has the lowest cost per Watt-hour would increase the 
likelihood of it becoming a marketable product. At present, Li-ion batteries provide the 
highest energy density per dollar, while supercapacitors are the most expensive. At the 
same time, supercapacitors provide more power per unit of cost compared to batteries.22  
Choosing manufacturing techniques that already exist in the fashion and textile 
industry to produce energy storing fabrics will allow for a smoother transition from lab 
scale testing to large scale manufacturing. This also means that the type of energy storing 
fabric should be designed with commonly available materials, as well as based on the 
simplest conventional electrode configurations. For example, if a device is composed of 
too many types of material than a fabric making process can incorporate at one time, then 
it is likely not a feasible system.  
Washability: The most common question asked about garment devices is, can 
they be washed? Washing batteries and electronics the way we wash our clothes is 
typically avoided. While some components can be waterproofed, many of the materials 
and technologies used in garment devices today are those used in conventional portable 
electronics, such as smart phones, and these would never be soaked in water. Therefore, 
much like a good wool suit, these technologically enhanced garments require special care 
when cleaning. In addition, a process like dry-cleaning can better preserve garments 
compared to conventional wet-washing and machine drying over the long term. 
Moreover, given that none of the following energy storage devices can be washed, this 
does not factor into the choice of technology.  
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Safety: Probably the most important parameter for smart textile development, 
safety of wearable electronics may sometimes even trump functionality. The materials 
must be chemically inert, (e.g., non-corrosive, not capable of self-ignition, non-toxic, 
etc.), and the system must be designed to avoid shocking the wearer, (i.e., electrically 
insulated, or operational below a threshold dangerous for human use – a few volts). For 
this reason, typical battery or supercapacitor electrolytes such as lithium 
hexafluorophosphate or solvents like acetonitrile have rarely been reported in use in the 
energy textiles literature. However, this also means many of the “safe” electrolytes 
operate below 1 V because they are water based, which reduces the overall energy and 
power (since E = ½ CV2  and  P = V2 / 4R), meaning larger devices or multiple devices 
wired in series will be required to power the same applications. Energy and Power 
densities will be covered in Chapter 2: Methods and Materials. 
Typical electrode materials may also be composed of nanoparticles, (e.g., carbon 
nanotubes (CNT), onion-like carbon (OLC), graphene nano-platelets). Nanoparticles are 
a concern for wearable devices since the long-term effects from exposure to theses new 
materials are unknown. However materials with controlled nanoscale structures (while 
not having particle sizes in the nanometers) are safe and can be used.  Activated carbons 
(AC) or carbide-derived carbons (CDC)23, 24 are particles in the micrometers (µm) that 
can be developed with controlled pore sizes, and CDCs are tunable by 1/10th of a 
nanometer. These materials are widely used for water filtration, or for poison control in 
pill or powder form where pores can be tuned to selectively absorb specific impurities. 
This is one of many instances where nanotechnology does not pose safety concerns.25 
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ACs are also used in double layer capacitors, and typically such energy storage devices, 
including any nanoparticles used, are encased in a liquid or gel electrolyte. 
Given the design parameters described above, understanding the basic principles 
of different battery technologies will inform which technologies are best suited for 
wearable applications. 
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1.2 Overview of electrochemical energy storage 
The three main electrochemical energy storing technologies used in wearable systems 
ranging from high power to high energy respectively4 (Fig. 1.2 a), include: electrical 
double layer capacitors (EDLCs)26, pseudocapacitors, and batteries. Both double layer 
and pseudocapacitors are commonly called “supercapacitors.” All of these devices 
typically consist of an electrode material, current collector, separator and electrolyte (Fig. 
1.2 d-e). This section will explain the different technologies and their components. 
 
Fig. 1.2 (a) Specific power against specific energy (Ragone plot), for various electrical energy storage 
devices. If a supercapacitor is used in an electric vehicle, the specific power shows how fast one can go, 
and the specific energy shows how far one can go on a single charge. Times shown are the time constants 
of the devices, obtained by dividing the energy density by the power. 4  Shown right is an illustration of a 
half-cell comprised of an electrode, current collector, electrolyte and separator, (b) the electrode is the main 
energy storing component in all electrochemical systems, either by forming a double layer capacitance, or 
the electrode material contributes to redox reactions. (c) The current collector transports charge to the less 
conductive electrode. (d) The electrolyte is an ion rich solution, and the ions interact with the electrode to 
store charge. (e) The separator keeps multiple electrodes/current collectors from electrically shorting, but 
allows electrolyte ions to easily pass through the membrane. P. Simon et al., Nature Materials, 7 (2008) 
845. Reprinted with permission from Nature Publishing Group.  
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Energy Storage Components 
Electrode: Is the charge storing material (Fig. 1.2 b), either through chemical 
bonds or a double layer capacitance. Typical materials include activated carbon for 
supercapacitors, and lithium cobalt oxide (LiCoO2) and graphite for lithium ion batteries.  
Current Collector: Is a sheet of metal that the electrode is rolled/adhered to in 
order to improve the electrical conductivity (Fig. 1.2 c). Typically the collectors are 
composed of relatively inert metals that will not corrode in a given electrolyte and under 
a given potential. For example, aluminum collectors are often used in supercapacitors in 
organic electrolytes, but will corrode rapidly in aqueous electrolytes, therefore much like 
ships at sea, stainless steel is often used in aqueous electrolytes.  
Electrolyte: Is a solution (aqueous 1M NaCl, organic solvent, polymer etc.) that 
transports ions from one electrode to another to perform redox or form a double layer 
capacitance (Fig. 1.2 d). Solid/gel polymer electrolytes (e.g., PVA-H3PO4) have also 
become very important components for all-solid state supercapacitors and batteries, 
because they will not leak if their packaging is punctured (imperative for wearable energy 
storage), and they act as both the separator and electrolyte, eliminating the need for 
nanoporous membranes.  
Separator:  Divides two electrodes and current collectors in a device assembly 
sandwiched on top of each other (Fig. 1.2 e). The separator electrically insulates the 
electrodes from each other so they do not short, and allows electrolyte ions to pass 
through the membrane. The closer the electrodes are to each other without electrically 
shorting, the faster the device can fully charge and discharge because ions do not have to 
diffuse as far between electrodes. Typical separators include Gore 
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(polytetrafluoroethylene) or Celgard (polypropylene) membranes that have nanopores on 
the order of 50-100 nm and are 20-50 µm thick.  
 
Energy Storage Devices 
  
Fig. 1.3 Three types of energy storage systems, illustrated as devices, their energy storing mechanisms, and 
their characteristic cyclic voltammograms and galvanostatic discharge plots. (a) Double layer capacitor 
device schematic, showing a symmetric system composed of identical electrodes and current collectors. (b) 
shows ions adsorbing into charge carbon pores, such as in activated carbons. (c) Typical rectangular cyclic 
voltammogram for an DLC. (d) Typical linear discharge profile for a DLC. (e) Schematic diagram for a 
pseudocapacitor (e.g., MnO2), the charge storage mechanism is fast surface redox reactions, typically only 
penetrating a few microns into the bulk of the film. (g) Unique to pseudocapacitors, they can behave very 
much like a supercapacitor and display rectangular curves, but because redox processes are occurring, 
peaks correlating to the potential at which a process occurs are also possible. (h) Again the discharge 
profile can be linear like a DLC, but can also be non-linear. (i) Schematic for a Li-ion battery. (j) Shows the 
intercalation of Li+ in between graphite sheets. (k) Typical cyclic voltammogram for a battery is non-
linear, with distinctive peaks where each electrochemical phase transformation occurs. (l) Unlike DCLs and 
pseudocapacitors, some batteries can maintain a steady voltage during the majority of the discharge 
process. Constant voltages make integrating batteries into electronics much easier. Adapted with 
permission from AAAS and the Royal Society of Chemistry.  
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Electrochemical Capacitors (ECs): store less charge than batteries, but have 
the unique ability to be composed entirely of non-toxic materials27, last for hundreds of 
thousands of cycles, and are composed of highly abundant materials (e.g., activated 
carbon, polymer and aluminum foil). The majority of textile energy storage reports focus 
on EC technologies (Fig. 1.3). 
Double Layer Capacitors (DLCs): 4, 22, 28, adsorb ions on the surface of a 
conductive electrode material, so-called a double layer charge (Fig. 1.3 a-b), which is the 
mechanism by which energy is stored. Typical electrode materials are carbon based, (e.g., 
activated carbon, carbon nanotubes (CNTs), graphene, etc.) they are porous and 
conductive enough to store electrical charge. If the conductivity of the electrode material 
is not sufficient, conductive additives can be mixed into the film, or the electrodes can be 
adhered to a metallic current collector. Commercially available capacitors use acetonitrile 
based electrolytes and extend the voltage window up to 2.8V, but are not suitable for 
wearing. Non-toxic aqueous, or polymer based electrolytes can be used in garment 
devices, but have a more limited voltage window around 1 V. These devices are typically 
tested with voltage or current charge-discharge techniques, such as cyclic voltammetry or 
galvanostatic cycling (Chapter 2: Methods and Materials). They usually display very 
rectangular voltammograms (Fig. 1.3 c), where the area under the curve is proportional to 
the charge stored, and the discharge curve is typically linear (Fig. 1.3 d). For many years 
activated carbon fabrics were used as electrode materials for coin and pouch cell 
supercapacitors. As was discovered early in this research, these materials have excellent 
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electrochemical properties29, but highly carbonized fabrics are often too brittle to be used 
in wearable applications. 
Pseudocapacitors: Store charge through fast redox and intercalation 
processes (Fig. 1.3 e-h). They typically store more energy than a double layer capacitor 
but less than a battery, and can last for <10,000 cycles3. Unlike a battery, they can be 
charged at rates comparable to double layer capacitors, on the order of seconds or 
minutes22. Typical cyclic voltammograms for these devices may have corresponding 
peaks indicating that reversible surface reactions (Fig. 1.3 g) are taking place or is 
featureless just like those of double layer capacitors, (e.g., Ruthenium oxide 
pseudocapacitors30 have five reversible oxidation and reduction processes, but are 
unrecognizable because they produce consistent and stable currents and voltages). Their 
discharge profile may also be linear or non-linear (Fig. 1.3 h). 
Primary batteries: Are non-rechargeable batteries, (e.g., alkaline or zinc-air) 
commonly used in small electronics. They are packed with liquid and sometimes 
corrosive electrolytes, and are single use. Since they cannot be recharged, these systems 
are not being considered for use in wearable electronics. 
Secondary (rechargeable) batteries: Are most commonly used in laptops, 
cell phones, and in some hybrid-electric vehicles. The most popular battery system is 
currently the lithium-ion battery (Fig. 1.3 i), commonly composed of lithium-cobalt-
oxide (LiCoO2), a graphite anode, and lithium-hexafluorophosphate (LiPF6) electrolyte. 
They operate by shuttling lithium ions between the graphite anode and the oxide cathode 
(Fig. 1.3 j). They have a high energy density, are highly reversible, can last for hundreds 
and sometimes thousands of cycles, potentially lasting for the lifetime of the garment. 
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Their cyclic voltammograms are typically non-linear, with peaks appearing at potentials 
where there is an electrochemical phase transformation, or electron exchange (Fig. 1.3 k). 
Unique to Li-ion batteries is their almost constant voltage discharge curve, making it 
easier to integrate these systems into electronic devices because the voltage does not need 
extensive regulation (Fig. 1.3 l). However, these electrolytes are hazardous; finding non-
toxic alternatives would make them viable for garment devices. Additionally any 
penetration of the separating membrane could result in a fire since the amount of energy 
that is being discharged is enough to ignite the electrolyte.  
It should be noted that asymmetric cells are also viable systems for wearable 
energy applications, but are not discussed here. 
Why Supercapacitors?: After considering each of these systems, Double 
Layer Capacitors, (a.k.a., supercapacitors or ultracapacitors) were chosen because they 
can be easily composed of non-toxic and safe materials for wearable applications, are 
composed of abundant materials, are arranged in a simple geometry for easier conversion 
to textiles, and are rated for hundreds of thousands of charge-discharge cycles, meaning 
they can outlast the lifetime of a garment without needing replacement. The main 
drawback of supercapacitors, is their lower energy density compared to batteries, 
meaning either the supercapacitor will need to be larger to power the same device as a 
battery, or their range of applications will be more limited. Therefore, each textile 
fabrication technique chosen is capable of being converted for batteries or 
pseudocapacitors. However, Chapter 7 explores overcoming some of the limitations.  
Now how will supercapacitors be converted to textiles? First we need to 
understand what makes up textiles, and how they are fabricated.  
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1.3 Overview of textiles 
Definition: A textile31 is “a thin, flexible sheet of material with sufficient strength 
and tear resistance (especially when wet) for use in clothing, interior applications, and 
other protective functions.” These qualities, as well as a fabric’s ability to recover its 
shape after bending or crumpling, are key differences that distinguish it from paper, 
plastic, or wire. All levels of textiles from the material selection and fiber formation, to 
the design of custom textiles have been explored for textile supercapacitors.  
Materials used in fabrics: Common materials used in wearable textiles 
include cellulose (cotton, linen, rayon, lyocell), polyester, nylon (e-polycaprolactem), 
wool and other natural hair fibers, and silk. These materials are either harvested as fibers 
from natural sources or are transformed into fibers through extrusion and spinning.  
Fibers: are the fundamental structures that make up yarns and textiles. Fibers can 
either be spun into yarns, or matted together to create non-woven fabrics (like felt). 
Fibers come with a variety of cross-sectional shapes32, in some cases these cross-sections 
are designed to have specific functions, such as high wicking, absorbency, or warmth 
(Fig. 1.4 a-d). Fibers are also placed into two main categories based on length. Staple 
fibers are typically < 3 inches – 3 feet long, while filament fibers are > 3 feet long, and 
are in some cases continuously drawn (Fig. 1.4 e-f). Fibers may also undergo a variety of 
treatments prior to turning into yarns or fabrics. For example, cotton fibers are combed 
and carded in order to orient the fibers the same way, then they are tightly spun together 
into a smooth yarn. Without orienting the fibers, the yarn may be fuzzy or irregularly 
shaped.  
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Yarns: Yarns are often composed of many fibers twisted together to form a 
thicker and stronger strand of material capable of being woven or knitted into a full fabric 
(Fig. 1.4 g-j). In some cases monofilaments with sufficient strength can also be used as 
yarns. Extensive varieties of yarns exist each with its specific purpose, either to create a 
strong fabric, a rough fabric, or a very smooth silky fabric, etc. Most of the yarns 
explored in this thesis are staple spun yarns, composed of cotton, polyester and carbon 
fiber. A detailed list can be found in Chapter 2: Methods and Materials.  
Woven Fabrics: Weaving can be defined as the intertwining of many 
perpendicular yarns going over and under each other to form a grid-like pattern. Different 
weaves can be created by varying how many warp (vertical) and weft yarns (horizontal) 
go over and under each other. Examples include plain-woven fabrics, twill weaves, satin 
weaves, and jacquard weaves. This thesis primarily explores plain woven fabrics (Fig. 1.4 
k). 
Knitted Fabrics: Unlike weaving, weft knitted fabrics can be composed entirely 
from a single continuous strand of yarn. Knit fabrics are based on looping and 
intertwining yarns together to build a fabric row by row (Fig. 1.4 L). Additionally, many 
different yarns can be incorporated into a single fabric to form colorful patterns. It is also 
possible to carefully knit these regions of color without producing long floats on the back 
of the fabric, so-called intarsia knitting, originally deriving it’s name from marquetry, or 
in-laying wood panels to form intricate designs. Warp knitting is also used in industry for 
knitting panty-hose, 4-way stretch fabrics, and knit fabrics that do not run/unravel when 
cut. This thesis will primarily explore weft knitted fabrics (also see Chapter 2: Methods 
and Materials). 
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Non-woven Fabrics: Can be made using a variety of fiber matting techniques, 
including felting, thermal matting, adhesive matting, or even electrospinning. Non-
wovens are not typically used for apparel, but have been used in gloves, hats, and other 
interior materials. This thesis will not explore non-wovens as a material for textile 
supercapacitors.  
 
Fig. 1.4 Overview of textile structures (a) cylindrical fiber cross-section, (b) tri-lobal, (c) figure-eight, (d) 
hollow cylindrical, (e) staple fiber, (f) filament fiber, (g) staple spun yarn, (h) filament spun yarn, (i) 
monofilament yarn, (j) two-ply yarn, (k) simulated woven structures, (L) simulated knit structures. 
Simulations conducted on Shima Seiki Apex-One Design System.1 Adapted with permission from the 
Royal Society of Chemistry.   
jersey rib miss cable
plain twill satin
a. < 3 in.
>3 in. b.
c.
d.
e.
f.
g. 
h.
i.
j.
L.
k.
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1.4. Summary of the energy textiles literature 
Now that energy storage technologies and textiles have been introduced, here we 
review the reported literature from this interdisciplinary field. The development of energy 
storing textiles was systematically approached and can be categorized into 3 main phases: 
coated energy textiles, fiber and yarn electrodes, and custom woven and knitted textiles. 
Researchers began by coating pre-existing cotton or polyester textiles, either woven, 
knitted or non-woven, with various carbon or redox active electrode materials.33, 34 Dip-
coating, screen-printing, and painting were used to incorporate these materials into the 
fabric.  Multiple manufacturing challenges will need to be overcome for coated full 
fabrics as multiple layers of current collector, electrode, separator and encasement have 
to be incorporated into a single piece of fabric or a multi-layered garment. However, for 
early stage material development and testing, coating full fabrics serves as an excellent 
proof of concept since flexibility and stretch testing can still be performed, unlike on a 
film of the same electrode material.  
The first reports of yarn or fiber-like supercapacitors and batteries came out 
between in 2011 and 2012. These planar materials could be transformed into 2-D and 3-D 
fabrics. From these reports, only a few groups report making their own woven or knitted 
textiles35, 36, 37. Here, we compare and contrast the many reported textile supercapacitors 
that were tested at or around 0.2 A/g and 10 mV/s, the standard operating rates for 
conventional supercapacitors.  
 
 
	  	  
17 
Coated Energy Storing Textiles 
Common coating techniques found in the textile industry include dying and 
screen printing. Dying is the process of adding color throughout the fabric by dipping the 
textile in a dye bath. Screen printing by comparison is applied only on the surface of the 
fabric, ink is pushed through a screen masked with a pattern to create complex and 
colorful logos and images on shirts, bags, and many other non-textile surfaces. Examples 
of these techniques, and their variations, have been found both in industry and the 
literature to create a variety of conductive textiles.  
 
 
Fig. 1.5 Example of a coated textile electrode from Yi Cui’s group. (a) schematic illustration of cotton 
fibers coated in SWCNTs, (b) photograph of SWCNT solution and cotton non-woven fabric being dip-
coated, (c) photograph of final dip-coated fabric, (d) SEM micrograph of cotton fibers with SWCNT 
coating, (e) SEM micrograph of SWCNT coated knit fabric, (f) SEM micrograph of the surface of SWCNT 
coated cotton fiber, (g) TEM micrograph of intermixed cellulose and SWCNTs.34 Reprinted with 
Permission from NanoLetters. Copyright 2010 American Chemical Society. 
 
a.
SWCNTs
cotton micro-fibrilscotton fibers
b. c. d.
e. f. g.
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The first textile batteries and supercapacitors were reported by Yi Cui’s group at 
Stanford University34. Their work focused on coating single walled carbon nanotubes 
(SWCNTs) onto cotton fabrics (Fig. 1.5). Hu et al.34, assembled SWCNT-fabrics into 
stacked electrode sandwiches with a separator, encased with a common battery 
electrolyte (LiPF6). The authors reported excellent performance, as well as high 
capacitances of 480 mF/cm2 for devices tested at 1 mA/cm2 resulting in 120 F/g with 
mass loadings as high as 8 mg/cm2. This paper was the first example of an energy textile 
with satisfactory performance and simple fabrication. However, this paper had a few 
unanswered concerns, mainly toxicity, (e.g., LiPF6 electrolyte) that were identified by 
electrochemical community.38  
In order to address the issue of toxicity and safety, a later study from the same 
group39 replaced the LiPF6 with non-toxic aqueous based Na2SO4 and Li2SO4. Though the 
same dip-coating technique and SWCNTs were used, these new devices yielded ~20 
times lower mass (0.42 mg compared to 8 mg) and capacitance (16.4 mF/cm2 compared 
to 480 mF/cm2), showing that dip-coating was not always a consistent technique for 
coating high mass loadings of carbon onto a fabric. The SWCNT fabric supercapacitors 
in both papers were conductive enough to act as both electrode and current collector, a 
property exhibited in few other papers. 
As compared to coating carbon materials onto cotton fabrics, Bao et al.40 
carbonized cotton t-shirts into highly porous activated carbon fabrics. This material was ~ 
5 mg/cm2 of active mass, and showed electrode capacitances on the order of 45 F/g when 
tested at 10 mV/s, translating to device capacitances per area of ~112 mF/cm2. When 
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compared to typical activated carbons for EDLCs, 45 F/g is low in comparison to an 
average of ~100 F/g. These authors also coated this activated fabric with 2.4 mg/cm2 of 
pseudocapacitive MnO2 particles, increasing its capacitance per area to 292 mF/cm2 
(MnO2 adding 180 mF). This work developed a novel material system, but like many 
works, still used solid metal current collectors and a liquid electrolyte. Additionally, their 
devices suffer from high resistance, evidenced by non-rectangular CVs at scan rates 
above 5 mV/s. Regardless, this was an excellent example of common clothing materials 
being transformed for wearable supercapacitor applications.  
Bao et al.41 also demonstrated Zn2SnO4/MnO2 materials coated onto a conductive 
carbon fiber substrate. This was the first paper to steer away from the use of inactive 
cotton/polyester textile backbones.  The authors reported an areal capacitance of 288 
mF/cm2 per device and 0.9 mg/cm2 active mass loading per electrode. 
In 2011, battery and pseudocapacitive materials on nonwoven cotton42, 43 appeared 
from the Y. Cui research group. The papers continued to focus on coating inactive textile 
substrates with active redox materials. The report of nonwoven cotton lithium ion 
batteries43 was especially interesting as they reported mass loadings of 168 mg/cm2 of 
LiFePO4 cathode and Li4Ti5O10 anode materials on the non-woven cotton. Though the 
authors’ results exceeded expectations in mass loading per area, they also increased the 
thickness of their devices, each electrode being 600 µm thick, with typical battery 
electrodes being 50 µm thick.43 Non-woven fabrics are also not commonly used in 
clothing. Certainly challenges still remained in all of these works, but the Yi Cui group 
continued to demonstrate the versatility of fabric structures for energy storage 
applications. 
	  	  
20 
Electrospun electrodes 
Electrospinning of TiC-CDC44 and PEDOT45 nanofibres also show favorable 
results, with the TiC-CDC nanofibres demonstrating particular promise for high power 
supercapacitors. Other researchers have also explored electrospinning PAN 
(polyacrylonitrile) nanofibers that were subsequently carbonized to act as high surface 
area carbon nanofiber electrodes.46 Electrospun coatings can be applied onto the surfaces 
of pre-existing fabrics in order to mechanically stabilize the material. The main 
challenges electrospinning faces are attributed to time and cost to fabricate these 
materials, but these are challenges already being addressed.20, 47, 48 In some reports, 
researchers are also capable of continuously spinning nanofibers as well as twist them 
inline into yarns.49   
 
 
Fig. 1.6 Carbide-derived-carbon nanofibers, (a) SEM micrograph of electrospun fibers with TiC 
nanocrystallites, (b) TEM micrograph of two single TiC fibers.44 Reproduced with Permission from John 
Wiley and Sons.   
a. b.
250 nm 100 nm
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Fiber and Yarn Electrodes 
Instead of using existing fabrics with coatings, supercapacitive yarns can be 
woven or knitted directly into a textile, or stitched into an existing fabric. Because of the 
versatility of yarns and fibers, many works have focused on developing yarn and fiber 
supercapacitors and batteries.  
 
Fig. 1.7 Cross sectional diagrams of electrode configurations in yarns. (a) core-shell electrode and 
electrolyte, where the electrode is conductive enough to also act as the current collector. (b) single 
electrode with a current collecting core. (c) full coaxial style supercapacitor in a single fiber, (d) two 
electrodes where the current collector and electrode yarns are twisted together and then insulated in 
electrolyte.  
 
One of the first reports on fiber supercapacitors came from the Z.L. Wang 
research group at Georgia Institute of Technology50, who developed single Kevlar fibers, 
coated in gold, and then grew ZnO nanowires from the gold, with one electrode wrapped 
(twisted) around the other. The authors reported 2.4 mF/cm2 (per electrode) assuming a 
electrolyte
Electrode Material
Current Collector
a)
b)
c)
d)
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cylindrical fiber of 30 µm, which translates to 21 µF/cm per device. These yarns are 
comparable in capacitance and scale to micro-supercapacitors and some ceramic 
capacitors.  
In 2012, D. Zou’s group from Peking University51, reported a highly flexible fiber 
supercapacitor, their electrode materials utilized graphitic pen ink, and showed excellent 
electrochemical properties, operating with good performance up to 1 V/s. The authors 
wrapped one of the electrodes in a non-conductive wire to act as the separator. The two 
filaments were then encased in a plastic tube ~ 1.8 mm in diameter and filled with H2SO4, 
Na2SO4 or PVA-H3PO4 electrolytes. The authors reported capacitances of ~ 0.5 mF/cm 
per length of yarn, and 15 mF/cm2 assuming the surface area of a cylindrical yarn. This 
paper was the first to demonstrate extensive flexibility testing, with devices suitable for 
many flexible electronic applications. Unfortunately the thickness and tubing used in this 
report make these filaments fiber supercapacitors prohibitive to process on industrial 
equipment.  
Coaxial and core-sheath geometries combine the current collector and electrode 
material into a single yarn, ensuring consistent electrical contact between these materials 
throughout the device. Unlike previous reports which coat the electrode material onto the 
current collector50-53, Meng et al.,54 began with a fine “graphene-fiber” developed in their 
previous work55, and electrochemically electrolyzed graphene oxide solution onto the 
surface, making the core and sheath covalently bonded to each other (Fig. 1.8 g-i). The 
filament’s flexibility is demonstrated and contorted into corkscrew, square and triangular 
shapes, and a small sample was hand woven. The fiber stores ~ 19 µF/cm, about an order 
of magnitude lower than the previously discussed work51, but reports higher capacitance 
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per surface area of the yarn, and the yarn is thinner. This device would be practical for 
microsupercapacitor applications. 51, 52, 56, 57 It is also possible that multiple strands of this 
fibre can be plied/twisted together to increase the capacitance.  
Since this work’s appearance, many new reports on continuously grown graphene 
and CNT yarns have been reported from Prof. Gordon Wallace’s group at the University 
of Wollongong58, and a report from 2015 by Q. Meng et al., that demonstrated a 
composite SWCNT and carbonized chitosan fiber with excellent electrochemical 
performance (Fig. 1.8j-l) 59.  This composite system is exciting because it combines the 
high electrical conductivity of SWCNTs and the large accessible surface area of an 
activated carbon material, which per weight is still considered one of the most capacitive 
(energy dense) materials used in the supercapacitor industry. The authors indicate that 
these fibers would be best served as micro-supercapacitors evidence by low capacitance 
per length, but cyclic voltammograms are highly rectangular, indicating good rate 
handling.  
Ray Baughman’s group at the University of Texas and collaborators reported a 
very unique PEDOT-CNT-biscrolled yarn60 made entirely of active material, and scrolled 
with electrolyte. The authors report capacitances of 0.5 mF/cm, and show good 
electrochemical performances at fast scan rates of 1V/s, and when bent. The yarn is also 
stitched into a glove and woven into a fabric. The authors report mass loadings of 5.7 µg 
of CNT and PEDOT per cm, with thicknesses of 20 µm. Thus, this material has a higher 
volumetric capacitance reported to be 179 F/cm3 per electrode.  
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Fig. 1.8 (a) schematic of ZnO nanowires (NW) grown on Kevlar, (b) an SEM image of the fiber surface coated with 
NWs, (c) resulting cyclic voltammograms of the material50. (d) fiber supercapacitor made from wire coated in graphitic 
pen ink, (e) SEM image of the surface of porous graphite electrode material, (f) cyclic voltammograms taken at 1V/s.51 
(g) continuous graphene fiber supercapacitor, (h) SEM image of the fiber cross-section, where the highly conductive 
core can be seen surrounded by porous and single graphene flakes grafted to the core, (i) cyclic voltammograms tested 
at 50 mV/s.54 (j) carbonized chitosan and SWCNT composite fiber supercapacitor, (k) SEM image of the surface of the 
composite fiber, (l) cyclic voltammograms of the fiber before and after carbonization and tested at 20 mV/s.59 (m) 
PEDOT-CNT and PVA gel electrolyte composite fiber, (n) SEM of the composite fiber twisted with a platinum fiber 
for enhanced conductivity, (o) cyclic voltammograms from fiber tested at 100, 500 and 1000 mV/s.60 (p) Cotton-CNT-
MnO2-PANi composite yarn pseudocapacitor, (q) SEM of CNTs conformally coated into cotton fiber surface, (r) cyclic 
voltammograms of composite yarn tested from 10 mV/s up to 1000 mV/s.61 Reproduced with permission from the 
Royal Society of Chemistry. 
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A cotton-CNT supercapacitor yarn was reported61 which was informed by 
previous works. 34, 51, 62, 63. The authors “dip-coat” cotton yarn into a SWCNT solution, 
assemble the yarn into a plastic tube with one electrode wrapped in a separating mesh 
then filled with a PVA-H3PO4 electrolyte. MnO2 is grown on the fiber surface to increase 
the capacitance of the device. However, this new CNT-cotton yarn had high capacitance, 
from 0.1 F/cm2, to ~ 0.37 F/cm2 for CNTs and MnO2, and up to 1 F/cm2 with CNTs, 
MnO2 and PPy when scanned at 10 mV/s. The authors did not report the thickness of 
their electrode yarns or the assembled devices. If we assume a cylindrical yarn of ~240 
µm thick (per electrode, measurements based on SEM images) this works out to be 15 
mF/cm, 55 mF/cm, and 150 mF/cm per yarn. This is an impressive capacitance for an 
energy storing yarn, and represents a movement towards developing both high power and 
high energy materials. 
Among the few works on fabric or yarn batteries, Kwon et al.63, demonstrated a 
highly flexible lithium ion battery cable. Designed similar to a coaxial cable, this 
multilayered cable also showed good electrochemical performance. The electrode 
materials consisted of Ni-Sn coated Cu wire for the anode and a graphitic carbon mixed 
with LiCoO2 and poly(ethylene terephlalate) cathode with Al current collector. The 
electrolyte was a standard 1M lithium hexafluorophsphate (LiPF6), which provides the 
main source of lithium for cathodic intercalation. The flexibility of this cable was 
thoroughly explored and maintained a capacity of ~ 1mAh/cm2 (assuming the surface 
area of a 1.2 mm cylindrical yarn) at 4V when discharged at 0.1 C, which would be 
reduced to 0.5 mAh/cm2 if we also take the thickness of the blue coating into account. 
Additionally, the cable stores ~ 0.37 mAh/cm. Overall 0.5 – 1.0 mAh/cm2 is lower than 
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standard flat lithium ion batteries. This is one of the few papers making headway towards 
achieving comparable capacities and electrochemical performances to conventional Li-
ion batteries. For obvious reasons, the device in its current state is too thick for wearable 
textiles, but systems like this represent major steps towards developing flexible wearable 
batteries.  
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Custom Woven and Knitted Fabrics 
This final section focuses on key papers describing the fabrication of woven or 
knitted fabric structures.  
Gorgutsa et al., initially reported35 a fiber capacitor with strands of their yarn 
woven into a full fabric for capacitive touch sensing. This fiber capacitor stored energy 
on par with small ceramic capacitors ideal for electronic applications like tough sensing, 
but not larger scale energy storage. The authors finely scrolled two electrodes and a 
separator together to form a fiber. This rolled technique could be expanded upon with 
more capacitive materials, as many “can” shaped supercapacitors are rolled together in 
the same fashion. 
 
Fig. 1.9 (a) schematic of scrolled capacitive yarn, (b) photograph of scrolled capacitive fiber, (c) schematic 
of initial layers prior to scrolling, (d) scrolled fibers woven into blue and green fabric as stripes for touch 
sensing.35 Reproduced with permission Smart Materials and Structures. 
 
a. b.
c. d.
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A later paper37 from the group describes lithium polymer battery strips (1 x 10 
cm) composed of a LiFePO4 cathode and Li4Ti5O12 anode. The reported strips of battery 
fabric were woven into a larger fabric that incorporated the anode, cathode, current 
collectors and electrolyte into the structure. The devices operate at 3.3 V vs. Li/Li+, and 
have a specific capacity of 170 mAh/g of LiFePO4. Unfortunately, the scan rate from the 
cyclic voltammograms is not given, and the measured capacity is the result of only 5 
cycles for comparison. Other reported data is also somewhat unclear. Additionally, unlike 
their fiber counterparts, it would be difficult to process these battery strips on industrial 
machinery.  
 
 
 
Fig. 1.10. (a-b) depicts coated strips of battery electrode fabric, demonstrating their flexibility and 
stretchability. (c) depicts a hand woven structure where lengths of these strips are woven alongside 
conductive yarns (red and blue) to form a fully functional battery fabric.37  Reproduced with Permission 
from the Electrochemical Society. 
 
 
 Since these works from Prof. Skorobogaty’s group appeared, very few other 
works have woven their electrode materials with this level of intricacy. Pan et al.,64 
created a woven pseudocapacitor (Fig. 1.11 a) composed of a CNT yarn backbone (Fig. 
a. c.
b.
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1.11 b), coated in PANi. The authors made additional textiles from CNTs then grew TiO2 
nanotubes on the surface (Fig. 1.11 c), which were used as an integrated solar cell (more 
in Combined Energy Harvesting and Storage). As seen in Fig. 1.11d-e, the woven CNT-
PANi device was electrochemically tested in a gel PVA-H3PO4 while bent, and showed 
no degradation, indicating that the PANi is not cracking when bent. Moreover, the 
authors did not completely bend the device, likely because it does have its limits after 150 
degrees of bending.  
 
 
Fig. 1.11 (a-c) SEM micrographs (a) Woven CNT yarn with TiO nanotubes grown on the surface and 
infused with PANi, (b) Cross section of a single fiber, (c) TiO2 nanotubes on the surface, (d) photograph of 
flexed woven pseudocapacitor completely filled with gel electrolyte, (e) cyclic voltammograms of the 
device when bent 0, 30, 90, 150 degrees.64 Reproduced with permission from John Wiley and Sons. 
  
a. b. c.
d. e.
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Combined energy harvesting and storage 
It is clear that energy storage alone is not sufficient to produce a successful 
wearable device. Energy harvesting integrated with storage systems are key elements 
needed for the creation of self-sustaining electronic clothing. Here we review literature 
where both have been explored as a single system.  
The first56 paper described a highly flexible solar cell fiber and pseudocapacitive 
fiber employing redox polyaniline that converts and stores solar energy in one device. 
This integrated device demonstrated how the same electrode materials can be used to 
unify different kinds of energy systems and manufacturing techniques. The fiber 
pseudocapacitor stores ~ 20 mF/cm. The photo-cell shows a steady current of ~ 10 
mA/cm2 up to 0.6V when exposed to light. The authors demonstrate that the 
pseudocapacitor and solar cell are sufficient to operate an LED. Unlike other works, these 
authors use two different liquid electrolytes, 1M H2SO4 and I3+/I-. In this case, the solar 
cell can be directly connected to the supercapacitor without any additional electronic 
components.  
In the second paper, a triboelectric generator (TG) was integrated with a 
pseudocapacitive fiber to harvest and store energy from body movements.65,66. The 
authors coated single carbon fibers with MnO2, and assembled the devices on a 
polyethylene terephthalate (PET) substrate with a PVA-H3PO4 electrolyte. The resulting 
capacitors stored 2.5 µF/cm per device and demonstrate excellent performance while bent 
up to 90°. The TG device uses a PET substrate and a second layer of polytetra-
fluoroethylene (PTFE) wired in series with the capacitor. The authors demonstrated the 
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operation of an LED and small LCD screen, but did not report for how long. The 
connection of the TG to the SC also required a bridge rectifier to charge the capacitor.  
Other works from the same group, have focused on hybridizing energy storage 
and harvesting systems. One example includes a lithium ion battery combined with a TG 
in a single coin cell. This device was attached to a sneaker to charge the battery with 
every step. 67 Z.L. Wang also produced a review paper specific to micro and nano energy 
harvesting systems that includes works on fibre and fabric energy generators.68  
 
 
Figure 1.12 Hybrid energy storage – energy generation devices. a) fibre supercapacitor combined with a 
triboelectric generator to store and harvest energy from body movements. b) generator and SCs are 
powerful enough to light an LED. c) CV of single SC tested at 200 mV/s in a PVA-H3PO4 electrolyte. d) 
combined solar cell and pseudocapacitive fibre in liquid electrolytes. e) CV of the supercapacitor tested at 
0.5 V/s in 1M PVA-H3PO4 gel electrolyte and at different lengths.56, 65 Reprinted with permission from the 
Royal Society of Chemistry.  X. Xiao et al., ACS Nano, 6 (2012) 9200. Copyright (2012) American 
Chemical Society.  
 
 
 
 
a. b. c.
d. e.
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One full textile example again comes from Pan et al.64, who created a combined 
pseudocapacitor and solar fabric based on CNTs, PANi nad TiO2 nanowires (Fig. 1.13). 
This concept is very similar to Fu et al.’s fiber solar/pseudocapacitor from Fig. 1.12 d-e, 
but is implemented in a full textile form. Multilayered garments like this will be best 
integrated into outwear garments (Fig. 1.13 a) because they are bulky to provide 
additional structure and warmth. Fig. 1.13 b-c demonstrates how they would assemble the 
solar (TiO2 NW) fabric with the CNT-PANi pseudocapacitor to constantly charge and 
store electrical energy.  
 
 
Fig. 1.13 (a) scheamtic illustration of multi-layered garment with integrated energy harvesting and storage, 
(b) the textile layered structure, (c) identifies the system mechanisms and matrials of the textiles from (b).64 
Reproduced with Permission from John Wiley and Sons. 
 
 
 
Other forms of energy harvesting technologies include traditional piezoelectric 
systems (e.g., PZT), and wireless charging, either inductively or from ambient wifi 
energy, and could be combined with energy storage.  
a. b.
c.
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1.5 State of the field 
Some papers are already making significant headway to designing textile devices 
that have comparable capacitance and performance to conventional supercapacitors and 
batteries.  
 
Figure 1.14 Active mass loading vs. capacitance per area of double layer supercapacitors and pseudo-
capacitors Table 1.1 A: Ref.41, B: Ref.42, C-D: Ref.40, E: Ref.34, AC Film Electrode: Ref.36. Reproduced with 
Permission from the Royal Society of Chemistry.  
 
Fig. 1.14 depicts the electrode mass loading (mg/cm2) vs. the device capacitance 
for all of the full fabric devices from this section. Compared to a conventional AC film 
electrode supercapacitor, tested in a PVA-H3PO4 electrolyte most of the reported devices 
do not come close to this capacitance per area.36 From what we can see, the main cause is 
not due to insufficient gravimetric capacitance, where some papers report >200 F/g, but 
they are only loading µg/cm2. Thus, higher mass loading will play a critical role in the 
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application of textile supercapacitors. Capacitance per area (F/cm2) is an imperative 
metric because these devices must fit into a shirt, while still being able to power their 
application. If the device needs to be larger than the available area in the shirt, it is not a 
feasible application. Batteries are not included in this chart because there are too few to 
draw any significant conclusions, and their capacitances should be and are much higher 
than any of the reported supercapacitors (Table 1.1). In addition, results from fiber 
supercapacitors in Table 1.2 are not plotted because very few papers even report their 
mass loading. Therefore we cannot determine to what extent mass loading, or the ratio of 
electrode material to backbone material may affect the electrochemical performance. 
More than mass loading, few papers are demonstrating truly scalable materials for 
easy commercialization. Many of the yarns are also not fabricated into full woven or 
knitted textiles, nor report any mechanical properties to determine if they could be woven 
or knitted.  
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Table 1.1 Full Fabric Supercapacitors and batteries from literature and their respective 
materials, active mass loadings per electrode and device capacitance or capacity per 
area. CF=carbon fiber, CFF=carbon fiber fabric, NW = nano wires, AC = activated 
carbon (APPENDIX A has all calculations  used for this table) 
Materials Fabric Electrolyte mg/cm2  mF/cm2 Ref 
AC (from cellulose) Knitted cotton 1M Na2SO4 5.00 127.00 40 
SWCNTs Knitted cotton 1M LiPF6 8.00 480.00 34 
SWCNTs Nonwoven cotton Li2SO4/Na2SO4 0.47 16.40 39 
Graphene paint Woven cotton 1M KOH 1.08 43.50 69 
Graphene 
Ni-coated nylon 
mesh 1M Na2SO4 0.25 44.70 57 
SWCNTs + MnO2 Knitted cotton 2M Li2SO4 
0.24 CNTs, 
1.6 MnO2 276.00 34 
Graphene + MnO2 Nonwoven polyester 0.5 M Na2SO4 1.25 MnO2 275.00 42 
Graphene/CNT/Fe3O4 -- 1M Na2SO4 0.00 0.98 70 
Zn2SnO4/MnO2 CFF 1M Na2SO4 0.90 288.00 41 
MnO2 AC 1M Na2SO4 +2.4 MnO2 292.00 40 
WO3–x@Au@MnO2 
core–shell nanowires CFF 0.1 M Na2SO4 0.31 MnO2 57.00 71 
MnO2/carbon ZnO NW PVA-LiCl 0.11 MnO2 26.00 72 
(MnO 2 ) - zinc (Zn) Ag-coated knit 
PVA-6 M KOH 
and 0.4 M ZnO 16-18 1.08 73 
LiFePO4 cathode and 
Li4Ti5O10 anode Nonwoven polyester 1M LiPF6 168.00 2030.00 43 
LiFePO4 cathode and 
Li4Ti5O10 anode n/a PVA-LiPF6 n/a n/a 37 
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Table 1.2 Fiber and Yarn supercapacitors and batteries from literature, including their 
active materials, active mass loading per electrode and device capacitance or 
capacity per length. CF=carbon fiber, CFF=carbon fiber fabric, NW=nano wires, 
StS=stainless steel, PANi = polyaniline (APPENDIX A has all calculations for this table) 
Materials Base yarn Electrolyte mg/cm  mF/cm Refs. 
Copper wire, "metal" 
sheets Cu wire n/a n/a 0.000001 35 
Graphitic pen ink 
"Plastic 
fiber" Na2SO4 or PVA-H3PO4 n/a 0.5 51 
Spun graphene 
nanoribbon -- PVA-H3PO4 n/a 0.5 74 
Electrolyzed graphene Graphene PVA-H3PO4 n/a 0.019 75 
Biscrolled CNTs – 
PEDOT:PSS 
Stainless 
steel PVA-H3PO4 0.0057 0.5 60 
Airbrushed CNTs CF PVA-H3PO4 0.4 6.3 76 
AC and Carbon Black Cotton PVA-H3PO4-SiWA 0.66 37  
KnO NW with MnO2 Kevlar PVA-H3PO4 n/a 0.021 50 
MnO2 CF PVA-H3PO4 n/a 0.0025 65 
PANi NW CNT PVA-H3PO4 n/a 1.79 77 
PANi-StS Pt-StS 
0.6 M 1-butyl-3-
methylimidazolium n/a 20 56 
Ni-Sn Cu wire LiCoO2 n/a 51.3 63 
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Calculations for Tables 1.1 and 1.2 
The data reported in tables 1.1 and 1.2 represents results for samples with the 
highest reported mass loading (which as evidenced by Figure 18, results in higher 
capacitance per area) tested as close to 10 mV/s as possible, or the next closest scan rate. 
If not reported, capacitance per area (per electrode) was found by multiplying the 
gravimetric capacitance by the mass per electrode, then dividing by 2 for a symmetric 
device (Eq. 1.1 and 1.2). If gravimetric capacitance and capacitance per area were 
reported but not mass loading, we can divide the device capacitance per area by the 
gravimetric capacitance per electrode, and further divide by 2, (Eq. 1.3).  
 
!! ∙ !!"! = !!"! = CElectrode = electrode capacitance              (1.1) 
!!!"!#$%&'! + !!!"!#$%&'! = !!!"#$%"   (symmetric cell only),   !!"!#$%&'!! =   C!"#$%"             (1.2) 
!!"#$%"!!!   ÷!!"!#$%&'!!! = !!!! = mass of one electrode per cm2                       (1.3) 
 
Yarns from Table 1.2 are not included for this comparison since only two papers 
actually report their active mass, including J.A. Lee et al.60, and V.T. Le et al.52 This is 
partly due to the fact that there is very little electrode material, usually on the order of 
micrograms per cm, which can make accurate measurements difficult. Precise practices 
for determining mass per length are needed.  Moreover, Stoller et al.,38 reported in 2010 
that measurements on devices containing less than 10 mg of active material can often 
result in overestimation of the gravimetric capacitance. Additionally it is extremely 
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difficult to determine what the mass is for such small devices without some human error, 
unless TGA was used to determine the mass. In some of the works on capacitive yarns, 
this is more prevalent where some papers reports gravimetric capacitances as high as 400 
F/g, which is highly unlikely wihtout the addition of redox reactions. For more on 
calculating capacitance, resistance, energy and power, see Chapter 2: Methods and 
Materials. 
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1.6 Objectives 
Based on some of the outstanding issues in left in the literature, this thesis will 
describe steps to develop mass producible textile supercapacitors by combining textile 
fabrication techniques with nanostructured carbon materials for supercapacitors.  
First we wanted to prove that carbon materials maintain good electrochemical 
performance and stability when embedded into textiles. In doing so we also wanted to 
compare how the textile substrate’s structure and polymer properties can affect the active 
mass uptake and electrochemical performance. In addition, many of the reported devices 
from literature have low mass loading per area, therefore we wanted to reach mass 
loadings comparable to conventional systems while maintaining good electrochemical 
performance. 
Once carbon materials were shown to perform well in textiles, we could begin to 
consider how to build a full supercapacitive device from the ground up, starting with the 
development of a capacitive yarn that was capable of being processed on industrial 
knitting equipment. 
Lastly, once a capacitive and knittable yarn was developed, our final objective 
was to develop the electrode configurations as knitted fabrics that could be easily 
incorporated into larger textiles and garments.  
One of the overarching approaches to this work, in order to increase the range of 
applications, was to use fabrication techniques that were also capable of using many 
types of electrode materials and textiles. By doing so, the power and energy density can 
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be tuned by using different carbon materials, and could even be converted to 
pseudocapacitive or battery systems.  
Chapter 2: Methods and Materials, will cover how these systems were fabricated, 
electrochemically tested, describe why each method was used, as well as how to extract 
and analyze all data.  
 
  
Chapter 2. Methods and Materials 
This chapter outlines all fabrication techniques, device assembly, electrochemical 
testing, and specifications of materials used in this thesis. One of the goals of this chapter 
is to provide a practical “how-to” for anyone who wishes to set-up and test their own 
supercapacitive devices. This chapter will clearly explain how data is actually extracted, 
and define what kind of normalized capacitances will be used throughout the work, and 
what their normalized metrics mean for the performance. All material specifications can 
also be found at the end of this chapter. 
 
2.1 Fabrication Methods 
 Conventional Film Electrode Preparation: For comparison with all textile 
samples, YP17 film electrodes were made23 with each electrode weighing 60 mg 
containing 6 wt% PTFE binder. 23 The films are made by rolling the mixture of PTFE and 
carbon with a small amount of ethanol on a glass plate, until PTFE is fully integrated into 
the carbon. The electrodes were 2x2 cm, and ~200 µm thick. 
Dip Coating: Dip coating is a technique where a material/substrate is dipped 
into a solution to form a film on the surface of the substrate. In the case of fabrics, it is 
much more like dying a fabric. Squares of natural and synthetic fabrics were cut into 2x2 
cm squares with a rotary blade, and weighed prior to dip coating. The samples were 
submersed in a stirred bath of 100 ml ethanol, and 100 mg of carbon with 10 wt.% 
polytetrafluoroethylene (PTFE) for 10-30 minutes. The samples were then removed, 
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dried on a screen in air, then moved to a vacuum oven at 80°C for 12 hours, and then 
were weighed again to determine the mass loading (Eq. 1). 
Screen printing: Screen printing is a technique where a screen is masked with a 
particular shape (typically in wax), such as squares, intricate flowers, or company logos. 
An ink is pushed through the screen with a squeegee onto the substrate held firmly below 
the screen. Once the ink is applied in the desired pattern, the screen is promptly removed 
and the substrate is dried either in air, or in an oven to set the ink.  
 
Fig. 2.1 Sample preparation by screen printing. (a) white cotton fabric and AC coated fabric before and 
after a round of screen printing, respectively. AC ink is placed above samples on screen just before 
printing. (b) pulling ink over samples with a squeegee. (c) removing samples from teflon plate and onto a 
metal mesh drying rack. (d) completed samples on drying rack. Each square sample is 2 cm x 2 cm.  
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Cotton, polyester and carbon fiber fabrics were also cut into 2x2 cm squares, 
weighed, and screen printed with high surface area carbon materials (as will be described 
Chapter 3-4). A 9 x 12 inch screen printing frame and squeegee was purchased from 
Blick Art Supplies, and a loosely woven polyester taffeta fabric was used as the screen 
since the finer screens typically used were too fine to allow the AC particles through (Fig. 
2.1). Masking tape was used for the carbon fiber electrodes to isolate sections with 
exposed carbon fiber. The mass of the dip coated and screen printed material is 
determined by weighing the samples pre- and post printing (Eq. 2.1), and subtracting the 
mass of the fabric (MF from the total mass of the AC on the fabric (MAC+F).  𝑀!" = 𝑀!"!! −𝑀!                  (2.1) 
Typically samples contained >10 mg of total additional mass for accurate 
measurements, and then masses were normalized per unit area (which may be less than 
10 mg / cm2). It was also determined that the maximum active mass loading occurred in 
cotton and polyester samples after 4 coatings with air drying for 10 minutes in between 
each coat.  
 Screen printing ink development and composition: through trial and 
error, multiple solutions of activated carbon, water and various binders were created to 
produce an easily applied ink. PTFE was initially used as a binder, but did not stick well 
to the fabric. PMMA and PEG solutions were also explored, however, commercially 
available Matte Medium (an emulsion of polymethyl-methacrylate (PMMA) and 
polyethylene glycol (PEG) in water) showed the lowest resistance and best adhesion 
overall. The final composition was 0.2 g AC per ml of water, with 5 wt.% Matte 
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Medium. Other mixtures included the use of Archema CXV Activated Carbon, and CXV 
with 10 wt.% Onion-Like Carbon, (Chapter 3). 
 Natural Fiber Welding of Cellulose Based Yarns: Natural Fiber Welding 
(NFW) is a process where an ionic liquid swells a cellulose based biopolymer, and can be 
used to completely dissolve cellulose and reconstitute it as films on other surfaces. This 
process was invented and carried out by collaborators Prof. Paul C. Trulove, Dr. Luke M. 
Haverhals, David P. Durkin, and Dr. E. Kathryn Brown at the U.S. Naval Academy, in 
conjunction with the 5Air Force Office of Scientific Research under Dr. Hugh C. Delong. 
In this work (results described in Chapter 5), Cellulose yarns were only partially welded, 
and had carbon particles introduced into the surface of the material during the welding 
process to form electrode yarns.  
The ionic liquid (IL) solvent (1-ethyl-3-methylimidazolium acetate [EMI][Ac]) 
was used as received from Sigma Aldrich.  Cellulose yarns (cotton, linen, bamboo, and 
viscose) and carbon materials (i.e. activated carbon, carbon black) were used as received.  
The 0.5 % and 1.0 % binder consisted of a 50:50 (w/w) blend of microcystalline cellulose 
(MCC):cotton dissolved in the IL solution. The 1.5 wt. % binder was only MCC.  
Controlled ratios of solvent, solute, and carbons were utilized with consideration to 
optimize mechanical integrity of coatings while allowing and facilitating acceptable mass 
transport.  Solutions of 0.25 mole fraction [EMI][Ac] : [ACN], biopolymer binder and 
suspensions of carbon materials were prepared in a glove box to rigorously control water 
concentration.  Previous research in NFW has shown that appreciable water content can 
inhibit the fiber welding process78, 79.  Binder and carbon materials were dispersed in IL-
based solutions with sonication and a Flacktek Speed Mixer (Model DAC 150 SP) 
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running at 3500 RPM for 2 min intervals prior to coating. The ratios will be discussed 
and presented in Chapter 5.  
Spooled yarns were directed through a syringe filled with desired IL solution into 
an appropriate gauge needle at a speed of 3.7 cm/s (Fig. 2.2 a-c).  The coated yarn was 
wrapped around a Teflon-coated drum and heat treated in a 60°C oven for 30 min (Fig. 
2.2 d).  Immediately following heat treatment, the IL solution was removed with anti-
solvent (water) in a deionized water reconstitution bath for 12 hours (Fig. 2.2 e).  The 
fiber-welded yarns were dried thoroughly prior to testing and/or incorporation into 
further electrode assemblies.  These yarns are so-called activated carbon – natural fiber 
welded yarns (AC-NFW). 
For lab scale purposes, a handheld yarn spinner (“Lacis” Power, 4-ply Cord 
Maker and Fringe Twister) was used to twist the AC-NFW yarns with a highly 
conductive stainless steel yarn (Fig. 2.2 f-g). Both yarns are spun individually in a Z 
twist31 (turning right), until ~ 10 turns/inch, then are plied together in an S twist (left 
turn), also ~ 10 turns/inch. The combination of Z and S twisting locks the yarns together. 
Some yarns in this study were also knitted as outlined in the following section.  
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Figure 2.2. Yarn Coating via Natural Fiber Welding (NFW). a) SEM image of native cotton yarn. b) 
schematic of carbon/ionic liquid slurry in a vessel that cotton yarns travel through to be coated. c) SEM 
image of welded cotton fibers. d) yarn is spooled onto a drum after welding. e) welded yarns are 
reconstituted in a water bath, which also removes the ionic liquid. f) steel yarn is then twisted with the 
reconstituted AC-NFW yarns. g) SEM image of AC-NFW yarn twisted with stainless steel yarn. 
 
Weft and Intarsia Knitting: All knitted samples described in this thesis were 
knitted on an SSG-122SV Shima Seiki 12 gauge knitting machine. Samples composed of 
CF or stainless steel yarns (StS) were operated at a speed of 0.3 m/s. CF was knitted at a 
stitch value of 45-50, and was embedded in a green wool fabric. Wool was chosen to be 
paired with CF because they held together well, and the soft lofty wool yarns did not cut 
through the staple spun CF, as other stiffer and smoother yarns did. StS was knitted at a 
stitch value of 36-37 (tighter) along with a 2-ply purple polyester-nylon blend (stitch 
value: 45) that had little stretch. All knitted materials were plain weft jersey knits (Fig. 
2.3 a-b). Intarsia techniques were used to create different shapes and patterns within the 
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base fabric (Fig. 2.3 c-d). Dissimilar yarns were linked together in the same row with 
tucking (Fig 2.3 e-f). For areas that separated the anode and cathode materials from each 
other, the conductive materials were not tucked into the non-conductive spacer yarns, 
only the spacer yarn was tucked in order to avoid shorting and minimize the spacing 
between electrodes. This still resulted in a solid connection between the yarns, and no 
holes were present in the fabric. Programming was conducted on Shima Seiki proprietary 
software, Apex-One Design System, in the “Knit Paint” program. The programming is 
color coded, where each color represents a machine movement, command or type of 
stitch. This is nothing like conventional computer programming. All knitting was 
conducted at the Shima Seiki Haute Technology Laboratory.  
 
Fig. 2.3 Plain weft knit structure with examples incorporating two different yarns. (a) Simulated plain 
jersey knit fabric from Shima Seiki Apex-3 Design Software, (b) shows the path a yarn takes to form a 
plain weft knit, (c) shows a knit with two different yarns composing a single piece of fabric, (d-f) breaks 
down a more complex intarsia knitted fabric, (d) shows the entire fabric and the path of both yarns, (e) 
shows the purple yarn path and where an unfinished row must tuck the yarn behind a gray yarn, (f) shows 
the path of the gray yarn, and where it tucks behind the purple yarn to make a connection between rows.  
 
 Aqueous electrolyte preparation and application: Solutions of 2M 
Lithium Sulfate (Li2SO4) and 1M Sodium Sulfate (Na2SO4) were used as electrolytes for 
the electrochemical testing of screen printed cotton and polyester electrodes, as well as 
(c) 
(b) 
tuck 
tuck 
(d) 
(e) path of yarn 1
(f ) path of yarn 2
(a)
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for stainless steel knitted electrodes. Salts were weighed, then water was added to the 
salts and mixed for 1-2 hours on low heat using a magnetic stir bar and a stirrer/hot plate. 
Solutions were let to return to room temperature prior to electrochemical testing. ~ 1-2 ml 
of solution were used in each sample, which was enough to wet the electrodes without the 
cell overflowing. 
Gel electrolyte preparation and application: A polyvinyl alcohol (PVA) 
based gel electrolyte was developed by Dr. Han Gao and Prof. Keryn Lian at the 
University of Toronto80. This gel electrolyte is composed of 1.4 g PVA, 0.5 ml ortho-
phosphoric acid, 5.16 g silicotungstic acid (SiWA), and 20 ml water. After weighing the 
components individually, SiWA is first fully dissolved into 4 ml of water. Then on a hot-
stir plate heated to 60°C and turning at 500 rpm, 0.5 g of PVA is dissolved in the 
remaining 16 ml of water, with small amounts of PVA being added to the stirring water 
until the total 1.4 g is dissolved. Once completely dissolved, the SiWA solution and 0.5 
ml of H3PO3 are added and stirred for another 30 minutes without heat. Without some 
heat and slow addition of PVA to the solution, it would take 15-20 hours to fully dissolve 
the PVA, likely due to its very high molecular weight (189,000 g/mol).  
Once the solution is prepared and returned to room temperature, the gel can be 
applied to screen printed electrodes with a pipette. It is important to saturate the 
electrodes in the electrolyte to be sure all of the AC is contributing to the capacitance. 
Prior to sandwiching the electrodes together, the PTFE separating membrane is applied to 
the electrodes and also saturated in the gel electrolyte. Once saturated, the gel is let to air 
dry, then the electrodes are sandwiched together and the cell is heated to 90°C in a vented 
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oven for 20 minutes. The sample is then removed and allowed to return to room 
temperature (typically 10-20 minutes resting), and then electrochemical testing can begin.  
Electrode assembly into a symmetric 2-electrode device: Screen 
printed cotton and polyester electrodes were assembled into a conventional 2-electrode 
symmetric device, with two stainless steel current collectors, two fabric electrodes, 2 
layers of Gore PTFE separating membrane (25 µm thick), encased in a polyethylene 
baggie, filled with electrolyte, and then compressed between two PTFE plates with binder 
clips. The baggie was heat sealed to prevent leaking with the current collector tabs still 
exposed to connect to the potentiostat (Fig. 2.4 a). 
 
 
Fig. 2.4 (a) electrode assembly for EC testing of screen printed cotton and polyester electrodes, (b) 
electrode assembly for screen printed and knitted carbon fiber (CF) electrodes. Reproduced by permission 
of The Royal Society of Chemistry. 
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 In the case of CF electrodes, the CF fabric is conductive enough to also act as the 
current collector, so no metal current collectors are used. Once printed with AC, and 
soaked in electrolyte, the two fabrics are sandwiched with 2 pieces of PTFE separator, 
and placed in an oven as described above. Once ready for EC testing, the CF is directly 
connected to the potentiostat (Fig. 2.4 b). 
In the case of AC-NFW, yarns were individually tested prior to any attempts at 
knitting. Active materials were 6 cm in length per electrode, with 4 cm leads extending 
out of a sealed baggie for connecting to the potentiostat. Two layers of Celgard 
(polypropylene) separator were used between two yarns which were aligned on top of 
each other (Fig. 2.5). The yarns and separator were thoroughly saturated in SiWA gel 
electrolyte and was allowed to soak for 5, 10, or 20 minutes prior to heating at 90°C. The 
yarns were treated as symmetric devices, the same as the screen printed samples.  
 
 
Fig. 2.5 Assembly of yarn electrodes in a symmetric testing set-up.  
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2.2 Electrochemical Testing of Supercapacitors 
Typical tests conducted to measure the capacitance (C) and resistance (R) in 
energy storage devices are cyclic voltammetry (CV), galvanostatic cycling (GC), and 
electrochemical impedance spectroscopy (EIS), (Fig. 2.6 a, b, and c respectively).  An 
excellent paper on best practices for electrochemical testing of supercapacitors from 
Stoller et al., further explains concepts and testing methods for an even more in-depth 
understanding.38  
Usually capacitance can be determined from CV and GC, and the equivalent 
series resistance (ESR) can be determined from GC and EIS.38 Self-discharge 
experiments were also carried out for some samples using chronoamperometry 
(Fig. 2.6 d). This is useful for determining, if once charged, whether or not a device will 
completely hold the charge, (i.e., shelf life).  
A Biologic VMP-3 potentiostat-galvanostat with impedance spectroscopy 
capabilities was used to carry out all experiments (Fig. 2.7 a). EC-Lab is the software 
used to run the experiments, and can also be used for data analysis. Origin Pro is used to 
plot all data collected in this thesis. The following outlines how to set up CV, GC and 
EIS experiments in EC Lab, as well as how to extract data using EC Lab to determine the 
capacitance and resistance.  
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Fig. 2.6 Examples of various electrochemical experiments. (a) cyclic voltammogram, (b) galvanostatic 
charge-discharge curve, with the call-out displaying the IR drop (dV), (c) electrochemical impedance 
spectroscopy (EIS) showing 1 kHz along the curve, (d) Chronoamperometry experiment, where a constant 
current is applied for 24 hours while the voltage is measured, and then the cell is rested at 0A for another 
24 hours to determine the self-discharge.  
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Fig. 2.7, (a) photograph of the Biologic Potentiostat-galvanostat, which has 16 channels, 4 of which are 
EIS capable. (b) cables that connect sample to the potentiostat, including the blue (counter electrode), white 
(reference electrode) connected to the counter electrode, red (working electrode) and the black (ground) 
cable. 
 
Setting Up an Experiment: Before we can run electrochemical testing, we 
have to consider how the device will be attached to the potentiostat. Coming from the 
Biologic cable connection are 4 wires, red (working electrode, WE), blue (counter 
electrode, CE), white (reference electrode, RE), and black (ground) (Fig. 2.7 b). For a 
symmetric 2-electrode experiment, connect the white cable to the blue cable, and then 
choose a WE and CE for the experiment. In this work the CE will also act as the RE. If 
between experiments the device is disconnected and reconnected, it is important to 
maintain the same electrode configuration. If the red and blue wires are switched, it could 
result in switching the polarity of the electrodes38.  
 
	  	  
54 
 
Fig. 2.8 Voltage window of a symmetric device, with working electrode (WE) and counter electrode (CE) 
potentials of the same device. (a) shows the device, WE and CE for a 1 V window from 0V to +1V. (b) 
same configuration with a window from -0.2 V to +0.8 V. 
 
When cycling symmetric devices without a RE (as described above), the voltage 
window is the voltage difference between the WE and CE (Fig. 2.8 a). This means as the 
device is charged to +1 V, the WE is really charging to +0.5 V and the CE goes to -0.5 V. 
Moreover, in a symmetric device, if, for example, the voltage window is set from -0.2 V 
to +0.8 V polarization of the electrodes will occur, because now the WE will first charge 
to +0.4 V, then switch polarity by going to -0.1 V (Fig. 2.8 b). The counter will do the 
same for the opposite charge. This also means that the total voltage window from -0.2 V 
to 0.8 V is not 1 V, it only reaches a maximum of 0.8 V. Thus, symmetric devices can 
only be tested in windows that have a consistent polarity, (i.e., solely above or below 0 
V). This is further explained in Stoller et al.38 New studies have shown that this example 
is not always true, where sometimes one electrode may be more capacitive than the other 
and that electrode may have an increased voltage window, or the electrolyte causes an 
asymmetric voltage window because the ions have different mobility or stable voltages. 
0 V +0.5 V +1.0 V-0.5 V
Device
WECE
0 V +0.4 V +0.8 V-0.4 V
Device
WECE
1 V applied window 1 V applied window
1 V actual window 0.8 V actual window
a. b.
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Nonetheless, it is still good practice to charge and discharge the device from 0V in one 
direction if only to prevent electrode polarization.  
To set up an experiment in EC-Lab (Fig. 2.9), click on the ‘Add Technique’ 
button, then choose Cyclic Voltammetry Advanced (CVA), Galvanostatic Cycling with 
Potential Limitation (GCPL), and/or Potentio Electrochemical Impedance Spectroscopy 
(PEIS). For symmetric 2-electrode experiments, the measured voltage should be the 
voltage difference between the two electrodes. Therefore, Ewe (Ei) is set to 0V with 
respect to the RE, which in this case is also the CE.  
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Fig. 2.9 EC-Lab set up for Cyclic Voltammetry Advanced (CVA). (a) set 0V vs. the Ref. or reference 
electrode (b). (c) set scan rate, (d) set highest potential point, (e) set lowest potential (d-e is the voltage 
window). (f) the total number of measure steps that will be measured. The lower this number, the greater 
the total number of data points you will acquire as seen in (h). (g) input the total number of cycles for the 
experiment. (h) most importantly, the points per cycle are displayed. Any number of points above 1500 
may slow the experiment. However, too few cycles may result in incorrect data. Typically 500 or more is 
fine.  
 
 
 
Determining the Capacitance and Equivalent Series Resistance: 
Capacitance (C) and the equivalent series resistance (ESR) can be determined from all 
measurements, though depending on the scan rate, or applied current, these techniques 
may give slightly different values. The most widely accepted method for measuring C 
a. b.
c.
d.
e.
f.
Sample experimental set-up for CVA
g.
h.
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and ESR is GC because it most closely simulates the true operation of a device. However, 
comparing these values with CV and EIS is important to ensure consistency. Capacitance 
from CV is also considered accurate as long as the curves are highly rectangular. 
Capacitance from EIS is less commonly reported because EIS does not actually charge 
and discharge the device, rather capacitance is determined when the device is not 
charged. EIS is however an excellent technique for determining the equivalent series 
resistance (ESR), which is the electronic DC resistance of the materials, not including 
any ionic contributions. For example, a device may only be 0.5 Ω, but if the ionic 
medium has very slow diffusion kinetics, the device may operate as if it had a much 
higher resistance. ESR taken from EIS where the curve crosses the x-axis, or at 1 kHz 
does not include this ionic contribution; it only sees the 0.5 Ω. 
Cyclic Voltammetry: The area under the curve of a cyclic voltammogram is 
proportional to the charge stored, and subsequently the capacitance (Eq. 2.2). As seen in 
Fig. 2.6 a, the discharge portion of the CV curve is shaded; this is the portion of the curve 
that should be integrated. If both the top and bottom are integrated together, the positive 
and negative currents will cancel each other out. Once integrated, the result is not an 
answer in coulombs or Amp-seconds, but is in Amp-Volts because we have not 
accounted for the scan rate (S) which incorporates time (V/s). Therefore, to determine 
capacitance, we must first divide the integral by S which gives us Q. To acquire the 
device capacitance, Q is divided by the operational voltage window (V) as seen in 
Eq. 2.3, giving us As / V, or Farads (F). Fig. 2.10 shows an example of the process in EC-
Lab.  
Q = [∫ i(V) dV ] / S         (2.2) 
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C = Q / V          (2.3) 
 
 
Fig. 2.10 Displays CV curves from the same sample at different scan rates plotted in EC-Lab. The shaded 
region of the curve is selected, and using the integration tool in EC-Lab, the current with respect to voltage 
([∫ i(V)dV ]) can be determined, and inputted into Eq. 2. Then to determine Q, divide by the operational 
voltage window as marked. In EC-Lab, the integral is displayed in a small window as marked with the red 
box.  
 
 
Resistance is not typically taken from CVs because it is calculated from the slope of the 
plateau, which can vary greatly or may be highly non-linear because of high resistance. 
Therefore, in this work, ESR is only taken from GC and EIS.  
Galvanostatic Cycling: To measure capacitance from galvanostatic cycling, 
the slope (dV/dt) of the discharge curve must be determined (Fig. 2.6 b). The slope if 
taken from the top half of the discharge curve (not including the IR drop). To determine 
Operational Voltage Window (V)
CV at different scan rates
Integrating a CV in EC-Lab experiment names 
Select region of discharge curve 
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the device capacitance, the applied current (i) is divided by the slope (dV/dt) as seen in 
Eq. 2.4. Determining ESR from GC is also simple. As the device switches from being 
charged to discharged, there is an instantaneous voltage drop so-called the IR drop 
(where I, stands for applied current, and R for the resistance). This voltage drop (dV) can 
be divided by the applied current to determine R (Eq. 2.5). It is important to note that 
with increasing currents, an increased resistance may be observed for systems with slow 
diffusing ionic systems, particularly microporous systems. However, some applications 
require rapid discharge rates, and clearly identifying what the operational ESR is key. It 
is also especially important for experiments being conducted at very low currents, that the 
sampling rate is high enough to detect a very small IR drop. For example, if the 
resolution of the sampling rate is every 5 mV, but the IR drop is only 1 mV, it will only 
be possible to measure a 5 mV IR drop, and the resistance values taken from it will be too 
high.  
 
Fig. 2.11 (a) single GC curve as seen in EC-Lab with the top half of the curve selected to measure the 
slope as indicated in the red box, which will be used in Eq. 4 to determine the capacitance. (b) magnified IR 
drop of the GC curve with points selected to determine dV, and subsequently determine the resistance in 
Eq. 5. 
dV
slope 
(V/s)
a. b.
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CGC = 
!!"!"           (2.4) 
ESRGC = 
!!!           (2.5) 
Impedance Spectroscopy: Setting up an impedance spectroscopy 
experiment can sometimes be difficult since the sinus amplitude, applied voltage (EWE), 
frequency range (fi to ff), points per decade, and measures per frequency can result in 
slightly different EIS curves. 10 mV is the most widely accepted and used amplitude for 
EIS experiments, though increasing or decreasing this perturbation can result in a higher 
or lower measured ESR or C.81 The ESR from an EIS plot is typically taken from the real 
impedance (of a nyquist plot) where the curve intersects the X-axis, or the real impedance 
at 1 kHz (Eq. 2.6). The most widely accepted method is from 1 kHz, but both values 
should be similar.   
All experiments reported in this work are single sine, set to 0V vs. Ref., with 
applied frequencies ranging from 200 kHz down to 10 mHz, with 6 points per decade, a 
10 mV sinus amplitude, with 2 points measured per frequency with drift correction on 
(Fig. 2.11 a). Because common electronics operate at 60 and 120 Hz, it is best to avoid 
these frequencies in order to eliminate the chance for artifacts from the equipment.  
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Fig. 2.11 (a) shows how an experiment for PEIS is set up in EC-Lab. (b) shows a sample EIS curve, (c) 
shows the high frequency regime with two points marked for determining the ESR at 1 kHz. 
 
 
 
ESREIS = X1KHz          (2.6) 
 The capacitance and time constant (time for a capacitor to be 50% charged) can 
also be determined from EIS. Using Eq. 2.7 and 2.8, the real and imaginary parts of the 
impedance can be plotted against the applied frequency. An excellent paper from Taberna 
et al., 28 thoroughly explains the origins of the following equations. Each data point in a 
nyquist plot has both a real and imaginary impedance, Re(Z) and –Im(Z) respectively. 
These are converted to capacitance, C’ and C’’ as seen in Eq. 2.7 and 2.8, and two types 
a. b.
c.
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of plots are generated as seen in Fig. 2.12, where capacitance is plotted vs. the frequency 
on a log scale. Eq. 2.9 can be inserted into Eq.’s 2.7 and 2.8. C’’ is derived from the 
imaginary part of the impedance, where capacitance can be determined by taking the 
highest point from the Y-axis at the lowest measured frequency (Fig. 2.12 a). C’ is 
derived from the real part of the impedance, and the time constant (τ) can be determined 
by taking the highest point from the peak on the curve (Fig. 2.12 b), and based on it’s 
frequency, time can be determined (Eq. 2.10).  
 
 
Fig. 2.12 (a) Frequency vs. Imaginary Capacitance (C’’) from Eq. 8. The capacitance is determined from 
the capacitance at 10 mHz. (b) frequency vs. real capacitance (C’) from Eq. 9. The time constant (τ) is 
determined from the peak at 0.1 Hz (or the highest peak on the resulting plot.28 Reprinted with permission 
from Journal of the Electrochemical Society. 
 
𝐶! = !" !! !" ! !!!" ! !           (2.7) 
𝐶" = !!"(!)!  (!" ! !!!" ! !)        (2.8) 
𝜔 = 2𝜋𝑓          (2.9) 
f(Hz) f(Hz)
C
’’
 (
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C
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τ = 1/𝑓peak          (2.10) 
 
2.3 Normalization of Data 
 All the previous methods for determining capacitance and resistance are for the 
entire device, in order to normalize the capacitance per gram of active material, or per 
area, the following section outlines the correct procedure.  
 
Fig. 2.13 Basic circuit diagram for a symmetric 2-electrode device. 
 
 In a symmetric EC device, each electrode can be treated as an individual capacitor 
in series with the other (Fig. 2.13), resulting in a device capacitance (CD) equivalent to 
each electrode capacitance (Ce1 and Ce2, respectively) as seen in Eq. 11. Therefore, if the 
device is symmetric, and each electrode is equal in capacitance and mass loading, then 
the electrode capacitance (Ce) is equal to twice CD.  
!!! = !!!! + !!!!          (2.11) 𝐶! = 2𝐶!            (2.12) 
+ -
RCe1 Ce2
rshunt rshunt
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 Gravimetric capacitance (CF/g) is the capacitance per gram for an individual 
electrode, and is a standard used in the field to determine material efficiency. As seen in 
Eq. 2.13, CF/g is equivalent to Ce, divided by the mass of a single electrode (me). One 
could also determined the gravimetric capacitance for the device, this would be ~ 4 times 
lower than for a single electrode, because you would need to use twice the mass, and CD 
is half the capacitance of Ce. This thesis does not report on asymmetric devices, and 
procedures for data extraction will not be discussed.   
𝐶!/! = !!!!            (2.13) 
It has been fundamentally important for supercapacitor and battery researchers to 
report their capacitances (F/g) and capacities (mAh/g) per gram of active material for one 
electrode in order to characterize the intrinsic material performance. In recent years, it 
has been also shown for batteries and capacitors alike, that thinner films of electrode 
materials result in higher capacitances and capacities per gram when compared to a 
thicker film of the same material24, 38. The thinner the film, the shorter the diffusion path 
becomes for ions adsorbing, reducing, or intercalating to electrode surfaces. For example, 
CNT-paper EDLCs that had ~ 200 F/g when films of CNTs were 500 nm thick, dropped 
to ~ 122 F/g when the films were increased to 14 µm.82 High gravimetric capacitances 
seem promising, but when put into practice, 200 F/g with 72 µg/cm2 per electrode results 
in fabrics with 7 mF/cm2 per device, while conventional activated carbon supercapacitors 
can achieve more than 500 mF/cm2. A majority of energy textiles reported have very 
small mass loadings. And specifically for energy yarns, only a handful of papers report 
their active mass loading, yet some are able to report the gravimetric capacitance. One of 
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the previously stated goals in this work is to produce electrode materials with high active 
mass loading, while achieving realistic and standard gravimetric capacitances for 
materials tested in the bulk, (e.g., activated carbon is rated for 100 F/g, the performance 
of the AC in our textile electrodes should have similar mass loading and gravimetric 
capacitance). 
 Determining capacitance per volume, area, or length is very straight forward, as 
the device capacitance (CD) can simply be divided by the active dimensions. Capacitance 
per area (CA) is the example given in Eq. 14, where A is the area in cm2.  𝐶! = !!!           (2.14) 
 The resistance per area (RA) is a trickier value to understand, as it is not the 
resistance divided by the area (Ω/cm2), rather it is the resistance multiplied by the area 
(Ωcm2). Each unit of area can be considered an individual resistor connected in parallel 
with all other units. Therefore, as the area is increased (without changing the film 
thickness), the electrical resistance decreases (Eq. 2.15). For yarns or linear devices, 
resistance per length (RL) is commonly reported, where the R increases with length (L) 
(Eq. 2.16). 
𝑅! = 𝑅! ∗ 𝐴             (2.15) 
𝑅! = !!!             (2.16) 
Once capacitance and resistance are calculated, the energy and power of a full 
device can be determined. Energy (E) is the total work that can be done by the system 
(Eq. 2.17), (e.g., how long the battery can last). Power (P) describes the instantaneous 
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work that can be done by the system (Eq. 2.18), (e.g., the battery outputs a consistent 
voltage (V) and current (I) or an instantaneous power (Watts)). These are important 
parameters to consider for real world applications, and for identifying when and where a 
capacitor vs. a battery may be used. 
E = !!𝐶!𝑉!          (2.17) 
P = !!!!          (2.18) 
Where E is the energy in Joules (J) and P is the power in Watts (W). CD is the capacitance 
derived from Eq. 2.12, V is the operating voltage window in which the device was tested, 
and R is the Equivalent Series Resistance (ESR) for the device from Eq. 2.5 or 2.6. In 
order to determine the energy density per mass, CD can be substituted with CF/g, or CA for 
energy density per area. The resistance (R) can also be modified per area, mass, etc. to 
determine the power density.  
 Flexibility and stretch testing procedures: For textile applications, it is 
incredibly important that flexibility testing be conducted in conjunction with 
electrochemical testing to determine if a device is viable for real world applications 
where the wearer will stretch, bend and deform wearable energy storage devices 
regularly. 
 Bending testing: a small hand operated bending apparatus was built with 45°, 
90°, 135° and 180° marked (Fig. 2.14)36, 83. Carbon fiber supercapacitors were loaded into 
the holder, and with the electrodes centered, were bent at these varying degrees while 
electrochemically tested (and will be discussed in Chapter 4). 
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Fig. 2.14 Bending set up for textile supercapacitor. Reprinted with permission from the Royal Society of 
Chemistry.36 Reproduced by permission of The Royal Society of Chemistry. 
 
 
Fig. 2.15 Electrochemical cell for stretch testing of fabric supercapacitors. 
 
 Stretch testing: A large cell for knitted supercapacitors was built at the Drexel 
University Machine Shop (Fig. 2.15), where a fabric sample can be loaded into the cell 
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with conductive clamps that connect to the potentiostat outside the cell. The textile can 
then be soaked in a gel electrolyte, or the cell can be closed air and water tight and 
flooded with an aqueous electrolyte for testing. Once closed, the clamps can stretch the 
fabric using a small hand crank to a desired measurement. These experiments will be 
discussed in Chapter 6.  
 
2.4 Energy density in perspective for textile energy storage 
Energy density per length (1-D): Reporting C and ESR per length of the 
fiber/yarn can help researchers and designers engineer full textiles with a desired C and R 
since they would have control over the length and density of the fiber/yarn used in the 
fabric, and can twist multiple yarns together to increase the capacitance per length if 
necessary.  
Energy density per area (2-D): Reporting the capacitance or energy density 
per area (F/cm2) of textiles (either coated, woven, or knitted) becomes of significant 
importance when incorporating energy into garments that have a limited available surface 
area, especially when the smart garment also incorporates other electronic components. 
More importantly, for real world applications, the device capacitance or capacity per area, 
(not solely per electrode,) is most important. If the device energy and ESR are known, it 
is possible to compute whether or not such devices will be capable of powering a smart 
garment, as well as how much of their smart shirt will be consumed by the energy storage 
components.  
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Energy density per volume (3-D): Lastly, reporting the device volumetric 
capacitance for fibers and yarns is good practice as it allows researchers to design the 
yarn density within a textile in order to achieve a desired capacitance or capacity. In the 
case of fabrics, reporting volumetric capacitance may or may not be relevant depending 
on the system. Primarily volumetric data will be most useful when comparing 2 fabrics of 
similar areal capacity, but with different thicknesses. In order to determine volumetric 
data, all measurements of the tested system are required, including thickness, length, etc., 
while also being aware of the porosity of a full fabric (i.e., a loosely woven fabric will 
have a lower energy density than a tightly woven fabric when composed of the same 
energy storing material). If current collectors or separating membranes are used, it is also 
important to include their thicknesses and other dimensions as these will also factor into 
the device energy density 
 
2.5 Imaging of electrode materials: 
Scanning electron microscopy (SEM): a Zeiss Supra located at the Core 
Facilities at Drexel University was used to acquire micrographs of various carbon and 
textile samples. All micrographs are courtesy of Dr. Min Heon (Drexel), Dr. Majid 
Beidaghi (Drexel), Dr. Babak Anasori (Drexel), CDR David P. Durkin (US Naval 
Academy) or myself. Samples for microscopy were cut to fit on a 0.5 cm wide round 
sample holder. Materials were held in place by carbon sticky tape. Some samples 
(typically the bare fabrics) were sputtered with platinum prior to imaging to improve the 
conductivity and therefore clarity of the sample surface.  
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Photography: an 8 megapixel camera was used to take high definition photos 
of textile samples and experimental set-ups. The photographs were cropped or had the 
contrast increased for improved sample clarity in Adobe Photoshop. No colors or 
appearances were altered to appear misleading or not representative of the true sample.  
Gas Sorption: Nitrogen gas sorption was performed at 77 K using a Quadrasorb 
SI instrument (Quantachrome, USA) within a partial pressure range between 0.01 and 1. 
Pore size distribution and pore volumes were calculated with the Quenched Solid Density 
Functional Theory kernel (QSDFT) assuming a slit pore geometry.84 The Brunauer-
Emmet-Teller (BET) equation was used to determine the specific surface area (SSA) 
between 0.05 and 0.3 P/P0.85 All gas sorption was courtesy Dr. John K. McDonough 
(Drexel).  
 Tensile Testing: Mechanical testing of electrode yarns was conducted with an 
ADMET eXpert Universal Testing Machine and analyzed through Microsoft Excel.  11.5 
cm yarn samples were loaded onto a paper tensile strength template (designed in-house 
with a CO2 laser printer to accommodate small sample sizes) prior to testing. The test 
speed (strain application) was 10 mm/min. Resultant tensile testing data were used to 
optimize the NFW process parameters discussed previously to deliver an electrode 
material capable of withstanding the industrial knitting process.  Carried out by David P. 
Durkin and Dr. E. Kathryn Brown of the U.S. Naval Academy.83  
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2.6 Materials 
 A variety of carbon and textile materials were used throughout this work. This 
section lists all with their specifications and if pertinent, why they were chosen. Tables 
2.1-3 condense this information further with images of the materials. This section will be 
used as a reference for all materials in future chapters.  
2.6.1Carbon Materials 
Activated Carbon: AC was chosen for use in chapters 3 – 5 because it is a 
non-toxic high surface area electrode material most commonly used in conventional 
supercapacitors. If this inexpensive material could also be used in textile supercapacitors 
it would further demonstrate their commercial viability.  
  CXV Activated Carbon: Derived from pinewood (Arkema, France) and is a 
typical activated carbon used for preliminary testing of fabric electrodes. Particle size: 10 
– 32 µm; pore size: broad distribution with a peak at 1 nm; surface area: 1300 m2·g-1. 
YP50 Activated Carbon: is a porous activated carbon (Kuraray Chemical, Japan) 
derived from coconut shells and is a standard material used for supercapacitors. Particle 
size: 2 – 3 µm; pore size: narrow distribution with a peak at 1 nm, where 80% of the 
pores are between 1-1.2 nm; surface area: 1550 m2·g-1.	  
Onion Like Carbon (OLC): also known as “carbon onions,” was chosen as an 
additive to increase electronic conductivity of the electrodes. OLC are mostly dense 
spherical carbon nanoparticles consisting of concentric graphene shells (multishelled 
fullerines). They were produced by vacuum annealing of UD50 diamond soot 
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(NanoBlox, USA) at 1800 °C.86, 87 Particle size: 5 – 10 nm diameter; interparticle pores: 3 
– 15 nm; surface area: 500 m2·g-1. 
Carbon Black (CB): Used as a conductive additive in AC-NFW yarns, and 
conventionally used in commercial supercapacitors. 50 nm particles, SSA: ~ 100 m2/g, 
Sigma Aldrich 
 
2.6.2 Binders 
Matte Medium Binder: LiquitexTM Matte Medium, is an emulsion of 
polymethyl methacrylate (PMMA) and polyethylene glycol (PEG) in water. It is used as a 
fine arts binder in acrylic painting on canvas, binding the pigment particles together (in 
our case the carbon particles) and permanently adhering the pigments to a fabric canvas, 
often a basket-weave type of fabric very similar to our plain weave cotton fabric. This 
was used in screen printed samples.  
PTFE Binder: A polytetrafluoroethylene (PTFE) emulsion in ethanol was 
purchased from Sigma Aldrich, having 60 wt.% PTFE. This was used as the binder for 
dip-coated samples.  
Cellulose binder: Microcrystalline cellulose (~ 20 micron, Sigma Aldrich) or a 
few fibers from native yarn dissolved in ionic liquid. Specified per sample. 
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2.6.3 Separators 
PTFE Separator: A Gore, USA PTFE separator was used for screen printed 
electrode assemblies. The material is nanofibers of PTFE compressed into a film with 
pores on the order of 20 nm, with a total film thickness of 25 µm.  
Celgard Separator: a polypropylene separator (Celgard, USA) was used for 
testing of AC-NFW yarns. The materials is ~ 25 µm thick with pores on the order of 64 
nm.  
 
2.6.4 Current Collectors:  
316 Stainless steel: was cut into current collectors for testing of screen printed 
cotton and polyester electrodes (Fig. 2.4 a). Current collectors are used to enhance the 
conductivity for porous carbon electrodes like activated carbon that cannot be charged 
and discharged without a conductive back plate.  
2.6.5 Fabrics 
   Cotton lawn: a hydrophilic natural staple fiber, spun into a yarn and woven as 
a plain weave fabric. (yarn thickness: 50 µm; textile thickness: 160 µm)  
   Polyester microfiber: a high wicking fiber, is made of filament fibers 10 µm in 
diameter, spun into a fine yarn and woven into a twill fabric. (yarn thickness: 50 µm; 
textile thickness: 200 µm)  
  Cotton twill: made of a natural staple fiber spun into 4-ply yarns and woven into 
a twill fabric. (yarn thickness: 100 µm; textile thickness: 300 µm)  
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  Double knit with silver: a polyester filament yarn knitted into a double knit, 
with fine silver filaments knitted every two rows on one side. (yarn thickness: 60 µm; 
textile thickness: 1.5 mm)  
  Nylon neoprene: also a double knit made of filament yarns, and a nylon 
monofilament pile looped between the top and bottom layers, and is also called spacer 
fabric. (yarn thickness: 50 µm; textile thickness: 2.6 mm) 
  Woven Carbon Fiber Fabric: Plain woven from filament CF yarns, 
carbonized from polyacrylonitrile (PAN).  
 
2.6.6 Yarns 
Cotton Yarn: two ply, ~15-20 µm thick fibers, 500 µm thick yarn, Mercerized 
cotton (Camilla Valley Farmer’s Weave Supply). 
Linen yarn: two ply, ~ 27 µm thick fibers, 375 µm thick yarn, (Silk City Fibers, 
NJ, USA).  
Bamboo yarn: four ply, 14.5 µm thick fibers, ~ 725 µm thick yarn, (Silk City 
Fibers, NJ, USA).  
Viscose-Nylon Yarn: two ply, ~10 µm thick viscose fibers and 30 µm thick 
nylon fibers, ~500 µm thick yarn, (Silk City Fibers, NJ, USA).  
316 Stainless steel yarn: single ply, 7 µm thick fibers, 90 µm thick yarn, 
(Bekaert, Belgium) ~ 0.3 ohms/cm. 
2.6.7 Electrolytes: 
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Lithium Sulfate (2M) aqueous: Lithium sulfate in powder form was 
purchased from Sigma Aldrich, and mixed without heat with water. Having a molecular 
weight of 109.94 g/mol-L, ~ 21.98 g was mixed into 100 ml of water.  
Sodium Sulfate (1M) aqueous: sodium sulfate was purchased in power form 
from Sigma Aldrich, and mixed with ~ 30°C heat applied, as Na2SO4 is more soluble in 
water at higher temperatures. This reduced the dissolution time. Having a molecular 
weight of 142.02 g/mol-L, ~ 14.2 g was mixed into 100 ml of water.  
Polymer gel electrolyte (SiWA)80: 5.16 g Silicotungstic acid, 1.4g polyvinyl 
alcohol, 0.5 ml phosphoric acid, 20 ml water. (See gel electrolyte preparation for mixing 
directions.) 
Ionic Liquid: 1-ethyl-3-methylimidazolium acetate (BASF ≥ 90%), used as 
received from Sigma Aldrich. 
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Gas Sorption of YP17, CXV and OLC: The pore size distribution (PSD) was 
determined through nitrogen gas sorption, as described in Chapter 2, for YP17 activated 
carbon, CXV activated carbon and carbon onions annealed at 1800°C (Fig. 2.16). YP17 
shows the narrowest PSD and, on average, the smallest mean pore size, followed by CXV 
and carbon onions. The pores in carbon onion electrodes can be understood as the pore 
volume comprised between single onions / clusters of carbon onions (this includes pores 
which are larger than the average diameter of the onions) and slit pores on the surface of 
the carbon onion nanoparticles. 
 
 
Fig. 2.16 Pore Size Distribution Plot, comparing the amount of pores vs. a given pore width33. 
Plot courtesy Dr. John K. McDonough. Reproduced with Permission from the Royal Society of 
Chemistry. 
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Table 2.1 Carbon Electrode and conductive additive materials 
Image Material Company 
Particle 
Size (µm) 
Pore size 
(nm) 
BET 
Surface 
area 
(m2/g) 
 
CXV AC 
Archema 
France 
10-32 
~ 1 
Broad 
distribution 
1300 
 
YP50 AC 
Kuraray, 
Japan 
2-10 
1-1.2 
Narrow 
distribution 
1550 
 
Onion Like 
carbon (OLC) 
DNI, 
Drexel 
5-10 nm 
3 – 15 nm 
Inter-
particle 
500 
 
Graphene 
Nanoplatelets 
baked (XGnP) 
XG 
Sciences 
<2 nm -- 770 
 
Carbon Black 
(CB) 
Alfa Aesar 50 nm -- 100 
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Table 2.2 Separator and Current Collectors 
Image Material Company Thickness Pore size (nm) 
 
PTFE Separator Gore, USA 25 µm  20 nm 
 
Polypropylene 
Separator 
Celgard, 
USA 
25 µm  64 nm 
 
316 Stainless 
steel sheet for 
current 
collectors 
McMaster 
Carr, USA 
.002 
inches 
-- 
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Table 2.3 Textile materials 
Image Name Structure 
Average 
Fiber 
length (in) 
Fiber 
Thickness 
(µm) 
Yarn/Fabric 
Thickness 
(µm) 
 
Cotton 
Lawn 
Plain 
weave 
0.5-1.5 15-20 160 
 
Polyester 
Microfiber 
Twill weave 
~ 0.5 
chopped 
10 200 
 
Carbon 
Fiber yarn 
(PAN) 
2-ply 
~1-3 
chopped 
6-7 80 
 
Carbon 
fiber 
(PAN) 
fabric 
Plain 
weave 
Continuous 6-7 200 
 
Cotton 
Yarn 
2-ply 0.5-1.5 15-20 500 
 
Linen Yarn 2-ply 24-48 ~27 375 
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Viscose 
Nylon 
Blend 
Yarn 
2-ply Continuous 10 500 
 
Bamboo 4-ply 2-3 14.5 725 
 
Stainless 
steel yarn 
Single low 
twist 
Continuous 7 ~ 1mm 
 
Carbon 
Nanotube 
Yarn 
Nanocomp, 
USA 
Continuous 
Need 
SEM/TEM 
100 
 
  
Chapter 3.0: Screen printed cotton and polyester electrodes 
 
3.1 Hypothesis:  
  We hypothesize that conventional electrode materials will still demonstrate good 
electrochemical performance when embedded into textile structures. We tested this 
hypothesis by dip-coating and screen printing conventional woven textiles with common 
porous carbon powders, and configured the electrodes into a supercapacitor assembly for 
EC testing. 
    
3.2 Experimental Considerations  
  Coating, as described in Chapter 1, is a launching point for testing new materials 
in textile applications before choosing to make entire fibers, or fabrics from the same 
material. However, coating pre-existing fabrics has limitations due to the fact that each 
electrode is a layer of fabric, and often solid metal current collectors are still needed, 
making this system thick, and less ideal for wearable applications, but serves as an initial 
model and demonstration of a textile electrode’s performance. Safety, manufacturability 
and textile porosity were all taken into consideration in order to justify the proposed 
experiments compared to previously published work. Here we also highlight why certain 
materials and processes were chosen. 
  Material selection to ensure safety: Previous publications on fabric-based 
energy storage devices use powdered materials such as nanotubes, nanowires, or 
nanofibers, and toxic electrolytes such as LiPF6,34, 45, 88, 89 that pose safety concerns, and 
are not always the most cost effective materials. The supercapacitor electrodes described 
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in this chapter are made from conventional porous carbons (YP50, CXV) designed for 
use in electrodes of commercial supercapacitor cells,90 and are made entirely of non-toxic 
materials. We additionally explore the use of carbon nano-onions as a conductive 
additive for larger AC particles.  
  Scalable Manufacturing Methods: Using established methods and 
materials common in the fashion industry, large-scale manufacturing of smart textiles can 
be achieved without the expense of redesigning manufacturing processes. Screen printing 
and ink-jet printing 88, 91, 92 of capacitive materials onto fabrics are present methods used in 
textile manufacturing and have been studied for applications in traditional thin film 
supercapacitors.88, 91 These techniques are suitable impregnation and coating methods for 
fabric supercapacitors due to the precise control of carbon coated onto the fabric.88 Ink-jet 
printing has the advantage of high precision ink droplet spacing but can be time 
consuming. Screen printing is material efficient, and can coat large surface areas quickly 
(i.e., scalable), though it may have a small variation in the carbon mass that is 
impregnated into the fabrics. Dip-coating (or dyeing) is also a proposed method,34, 93 but 
the amount of carbon impregnated into the fabric depends greatly on the hydrophilicity of 
the material, which can also vary from section to section of the same fabric. This may 
result in a greater variance in areal mass than screen printing, limiting the types of fabrics 
that could be used as textile electrodes. Therefore we chose to explore both dip-coating 
and screen printing for a thorough comparison. 
  Textile Porosity: Electrode porosity is a well known parameter that affects the 
charge/discharge rate, where a less porous material will have a lower ion mobility 
through the material. Fabrics are porous materials, and different structures of wovens, 
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knits and nonwovens can create a variety of textures and thicknesses, which affect the 
physical and electrical properties of the device. The materials used in energy textiles 
work previous to 2011 (Refs.34, 91-93) were often felt-like (nonwoven) fabrics that are not 
typically worn. Compared to most medium weight woven fabrics (~200 µm), nonwoven 
textiles can be rather thick (up to 2 mm) and may have lower strength depending on how 
tightly matted (i.e. how dense) the fibers are within the textile. 34, 93 Nonwoven fabrics are 
typically made of felted wool or a matted synthetic fiber (either melt spun or 
electrospun), both of which have strength and permanent bonding between the fibers, 
while cotton nonwovens used in other studies34 resemble a cotton ball material, being 
light, and thick. Thicker carbon films show lower specific capacitance because of charge 
diffusion limitations.23 Therefore, we chose to use fabrics of similar thicknesses to 
present macro-scale supercapacitor electrodes (200 – 300 µm) 23, 94.  
 The architecture of fabrics can also be compared to 3-D batteries,95 as textiles are 
three-dimensional structures with multiple levels of porosity, from the fiber, to the yarn, 
to the woven or knitted structures (Figure 3.1).31 Woven and knitted fabrics show macro-
porosity, in that the yarns or fiber bundles have fiber spacing only a few microns apart (2 
– 4 µm), and the spaces between the yarns in weave and knit structures are 10 – 30 µm 
for finely woven fabrics, and can be tailored to have any desired spacing. This kind of 
hierarchical porous structure34 allows ions to penetrate through the fabric and carbon with 
greater ease reducing ionic resistance and ensuring ions will penetrate throughout the 
electrode and enter the pores of the carbon particles.  
 Cotton and polyester are the two most widely used natural and synthetic fibers in 
the textile industry,31 and have also been studied for supercapacitor applications in 
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literature.34, 93 Woven and nonwoven fabrics by nature of their structure have little ability 
to stretch unless the fiber contains an elastomer. Knit fabrics have greater ease and stretch 
with or without an elastomer-based yarn.31 Silver coated conductive yarns may be 
considered for their improved conductivity, but knitted silver coated yarns were reported 
to show increased resistivity after stretching and straining, due to inter-particle 
breakage.96 In general, stretching of the fabric carbon electrodes, rather than bending, 
may cause any conductive networks between carbon particles to break, primarily due to a 
lack of elasticity of activated carbon. We chose to explore five different fabrics for 
comparison (Table 3.1). 
 
 
Figure 3.1. Porous textile supercapacitor integrated into a smart garment, demonstrating porous 
carbon impregnation from the weave, to the yarn, to the fibers. Reproduced by permission of The 
Royal Society of Chemistry.33 
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3.3 Results from dip-coating and screen printing 
 Dip Coated Fabrics: The fabrics were dip coated in a stirred carbon 
suspension and their uptake of CXV activated carbon can be found in Table 3.1. Fabrics 
A, B and D held similar carbon to fabric mass ratios (~17 wt%), while fabrics C and E 
held less than 4 wt%. Fabrics C and E were two of the thickest fabrics, (C: 300 µm, 
E: 2600 µm) and through the process of dip coating, carbons may not be capable of 
penetrating and coating through such a thick and dense material. Fabric D had a highly 
porous filament crimped yarn,31 which could be why carbon was able to penetrate 
through the fabric and into the fiber bundles even at a thickness of 1.5 mm. However, 
after electrochemical testing, fabric D displayed erratic electrochemical reactions when 
tested in 1 M sodium chloride, most likely due to the reaction between the silver filament 
fiber also incorporated in the fabric and sodium chloride. Based on these results, cotton 
lawn and polyester microfibers were selected for further experiments. 
 Screen Printing: Dip coating does not impregnate a significant amount of 
carbon into the fabric structure, and is highly dependant on the absorbency of the fibers, 
thus, no uniform coating on the textile was achieved and the resulting coatings were not 
dense enough to create conductive bonds similar to those in conventional thin film 
supercapacitors. Therefore, 2 cm x 2 cm swatches of fabric were cut and aligned on a 
PTFE plate for screen-printing to create fabric electrodes as described in Chapter 2. The 
screen-printing frame was a nylon mesh with filament spacing approximately 0.3 mm 
apart. The screen was placed over the fabric with the slurry directly applied to the 
swatches. The slurry was spread to smoothly apply the carbon across the fabric and this 
process was repeated 4 times to ensure full penetration of carbon through the yarns and 
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into the fiber bundles. All swatches were dried on a small metal mesh drying screen and 
then degassed in a vacuum oven for 16 hours to remove any residual water prior to 
further sample handling. The carbon mass was determined by weighing the fabric 
electrodes before and after coating. 
 
Table 3.1 Dip Coated Textiles 	  
 Textile Weave, fiber 
content 
Fabric mass 
(mg/cm2) 
Carbon mass  
(mg/cm2) 
Carbon: 
fabric  
(wt%) 
A Cotton lawn Plain weave, 
100% cotton 
6.8 1.2 17.2 
B Polyester 
microfiber 
Twill weave, 
100% Polyester 
13.3 2.2 16.2  
C Cotton twill Twill weave, 
100% cotton 
19.8 0.7 3.7  
D Double knit 
with silver 
Double knit, 98% 
polyester, 2% 
silver 
30.9 5.7 18.6  
E Nylon 
neoprene 
Double knit with 
pile, 100% nylon 
26.8 0.4 1.6 
   
 
 Adhesion of Different Carbons to Polyester Microfiber: To characterize 
carbon impregnation and adherence to fabrics, different carbon materials were screen 
printed with a single coat onto polyester microfiber and examined under scanning 
electron microscopy (SEM) (Fig. 3.2). Polyester microfibers have cylindrical fibers with 
a constant 10 µm diameter, while cotton fibers vary in size and length (16 – 30 µm). 
CXV activated carbon consists of 10  –  32 µm sized particles that are too large to adhere 
to the fibers of polyester microfiber, which can explain why they flaked off. YP50 
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particles (2 – 3 µm) coat and adhere to the fibers thoroughly as seen in Figure 3.2 a. 
Carbon onions have excellent adhesion, (Figure 3.2 b & d) and the coated fabric electrode 
has excellent flexibility without carbon delamination (inset of Figure 3.2 d). Based on the 
good particle adhesion and coating of YP50, a systematic analysis of the material on both 
cotton lawn and polyester microfiber fabrics (Fig. 3.3 a-b) was conducted. Additional 
testing using CXV and carbon onions was also conducted to increase the electrical 
conductivity, where carbon onions were used instead of carbon black as a conductive 
additive.86 
 
 
 
Figure 3.2 SEM images of polyester microfiber impregnated with different carbon materials via 
the screen-printing process. a) YP50 thoroughly coats the fibers b) 10% carbon onions were 
added to CXV. c) CXV coated onto polyester microfiber, d) carbon onions coat very thoroughly 
around polyester fibers. Inset: polyester electrode coated in carbon onions shows high flexibility 
without carbon flaking or cracking Reproduced by permission of The Royal Society of 
Chemistry. 
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Figure 3.3 SEM images of weaves and their corresponding fibers a) polyester microfiber twill 
weave before coating. b) Cotton lawn plain weave before coating. c) Polyester fiber screen-
printed with YP50. d) Cotton fiber screen-printed with YP50. Reproduced by permission of The 
Royal Society of Chemistry.  
   
 
  Mass Loading in Cotton Lawn and Polyester Microfiber: The polyester 
microfiber fabric alone weighs 12.3 mg/cm2 per electrode, which is about twice the mass 
of the cotton lawn (6.3 mg/cm2). However, both fabrics regardless of mass or adsorption 
properties were impregnated with the same amount of carbon, on average ~ 4.85 mg/cm2. 
Figure 3.3 c-d shows the thorough coating and adhesion of the carbon to the polyester 
and cotton fibers. The coated cotton is comprised of 56 wt.% cotton and 44 wt.% YP50, 
while the polyester microfiber consists of 71wt.% polyester and only 29 wt.% YP50. It is 
important to note that even the smaller value of 29 wt.% is still about 20 times the 
amount of single-wall carbon nanotubes (SWNT) impregnated into fabrics reported in a 
previous study.93 The amount of carbon impregnated into fabrics increases with the 
number of screen printed coatings, which has also been observed from literature where 
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each additional dip-coating increased the carbon mass by 5%.34, 93 For our screen printed 
electrodes, it was found that 4 coats results in a maximum amount of carbon loaded into 
the samples.  
 
3.4 Electrochemical characterization 
  Both cotton and polyester electrodes were electrochemically characterized 
through cyclic voltammetry (CV), galvanostatic cycling (GC), and electrochemical 
impedance spectroscopy (EIS). Cotton lawn and polyester microfiber electrodes screen 
printed with YP50 have similar gravimetric capacitances throughout all three 
electrochemical techniques (Table 3.2), however the capacitive behaviour of cotton lawn 
electrodes as seen in cyclic voltammetry is less resistive and more rectangular than 
polyester microfiber electrodes in both lithium and sodium sulfate. Fig. 3.4 a-b compares 
the capacitive behaviours of cotton lawn and polyester microfiber tested in 1 M sodium 
sulfate. Both voltammograms show good capacitive behaviour, yet both materials 
become more resistive at faster scan rates exhibiting a fade in capacitance due to an 
increase in the resistance.97 The areal capacitance of cotton lawn in sodium sulfate drops 
from 0.43 F/cm2 at 1 mV/s  to 0.37 F/cm2 at 100 mV/s which is a 14% drop in 
capacitance, (Figure 3.4 c). Polyester microfiber swatches show a larger drop in 
capacitance at 100 mV/s, -23% in sodium sulfate and -20% in lithium sulfate. All 
samples had similar specific capacitances at low scan rates of 1, 5, and 10 mV/s varying 
between 85 – 95 F/g. Cyclic voltammograms also show no visible electrochemical 
reactions occurring within our voltage range, resulting in purely capacitive behaviour.  
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Fig. 3.4 Electrochemical characterizations from cyclic voltammetry. a) Gravimetric capacitance 
vs. voltage obtained from cyclic voltammetry of cotton lawn tested in 1 M Na2SO4, at 10 and 
100 mV/s b) Cyclic voltammogram of polyester microfiber tested in 1 M Na2SO4 shows more 
resistive behaviour compared to cotton. c) Normalized capacitance versus scan rate d) Cyclic 
voltammogram of a YP50 film tested in 1 M Na2SO4 under the same conditions as the textiles 
electrodes. Reproduced by permission of The Royal Society of Chemistry. 
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Table 3.2 Gravimetric Capacitance (F/g) determined by 3 methods. 
Electrode Electrolyte CV  
(20 mV/s) 
GC  
(20 mA) 
EIS  
(10 mHz) 
Polyester 
Microfiber (YP50) 
2 M Li2SO4 90 83 74 
Polyester 
Microfiber (YP50) 
1 M Na2SO4 81 81 78 
Cotton Lawn 
(YP50) 
2 M Li2SO4 86 90 84 
Cotton Lawn 
(YP50) 
1 M Na2SO4 84 83 81 
YP50 film 1 M Na2SO4 60 55 50 
 
Table 3.3 Equivalent Series Resistance (Ω·cm2) determined by 3 methods 
and normalized by unit of electrode surface. 
Electrode Electrolyte CV  
(20 mV/s) 
GC  
(20 mA) 
PEIS (@ 1 
kHz) 
Polyester Microfiber 
(YP50) 
2 M Li2SO4 18 8 8 
Polyester Microfiber 
(YP50) 
1 M Na2SO4 11 6 6 
Cotton Lawn (YP50) 2 M Li2SO4 5 3 4 
Cotton Lawn (YP50) 1 M Na2SO4 5 3 3 
YP50 film 1 M Na2SO4 8 2 3 
   
  Polyester microfiber and cotton lawn electrodes also exhibit high specific 
capacitance from galvanostatic cycling: polyester microfiber and cotton lawn devices 
have average gravimetric capacitances of 85 F/g at ~0.25 A/g (Fig. 3.5). The electrodes 
were cycled galvanostatically at 2.5 mA/cm2 and 5 mA/cm2 corresponding to ~0.25 A/g 
and 0.5 A/g respectively. The plots show no electrochemical bumps, and the charge and 
discharge curves are linear and symmetrical (Fig. 3.5). Electrochemical Impedance 
Spectroscopy (EIS) was conducted with an amplitude of 10 mV with a frequency range 
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from 10 mHz to 200 kHz (Fig. 3.6). The average areal capacitance for both fabrics is 
0.21 F/cm2 at 5 mA/cm2 due to their similar masses. These capacitive values are 
dependant mainly on the YP50 active material, however it is the behaviour as seen in 
cyclic voltammetry (Figure 3.4 a-b) that changes depending on the carbon distribution 
within the textiles (Figure 3.7). As stated before, cyclic voltammograms of cotton lawn 
swatches compared to polyester microfiber based electrodes are more rectangular in 
shape indicating that cotton electrodes are less resistive. Values from Table 3.3 confirms 
this across all techniques.  
 
 
Fig. 3.5 Galvanostatic charge-discharge plots for cotton lawn, cycled at 10 and 20 mA, 
corresponding to ~ 0.4 A/g. Each curve is taken from the 10th cycle of it’s sequence, also after 
pre-cycling the device 100 times at 20 mV/s. Reproduced by permission of The Royal Society of 
Chemistry. 
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  YP50 on cotton lawn was tested for 10,000 cycles at 100 mV/s in 2 M lithium 
sulfate. The device had a decrease of 8% in capacitance after 10,000 cycles. This may be 
explained by separation of carbon particles from the fabric during cycling.  While this is a 
more significant capacitance decrease than in commercial supercapacitors, it tolerably 
compares to a study by Hung et al. which tested woven activated carbon fibers with a 
decay of ~ 25% after 10,000 cycles.29, 89 However it was also determined that the 
operational voltage window was not from 0V to +1.0V, rather from -0.2V to +0.8V, 
which as described in Chapter 2, can result in polarization of the electrodes, which may 
also explain this capacitive decay.  
  Cotton lawn electrodes tested in both sodium and lithium sulfate exhibit similar 
ESR values from all three techniques, and polyester microfiber electrodes have a 
distinctly higher resistance, especially when tested in lithium sulfate.  
  The equivalent series resistance (ESR), calculated by measuring the ohmic drop in 
galvanostatic charge/discharge cycles28, was found to be 3 Ω·cm2 for cotton lawn in both 
electrolytes, and polyester microfiber electrodes had ESR values of 6 Ω·cm2 in sodium 
sulfate and 12 Ω·cm2 in lithium sulfate (Table 3.3).  
  Cotton lawn samples may have lower ESR than polyester microfiber samples due 
to the improved carbon distribution throughout the fabrics, as well as having a smaller 
distance ions must travel through a fabric in order to reach the active material. The 
carbon network within the cotton lawn may have better continuity due to the highly 
porous curvilinear structure of cotton lawn fibers compared to aligned synthetic fibers 
that are melt spun (Figure 3.7). The mass of the cotton lawn is also half the mass of 
polyester microfiber, resulting in electrodes that contain more carbon and less substrate 
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material. ESR values obtained from impedance spectroscopy have similar trends to 
values obtained from galvanostatic cycling and cyclic voltammetry (Table 3.3).  
 
Fig. 3.6 EIS conducted between 200 kHz and 10 mHz from the cotton lawn electrodes. (a) the 
imaginary part of the capacitance plotted vs. frequency. (b) the real part of the impedance plotted 
vs. frequency (both using equations 7-8 from Chapter 2). (c) Nyquist plot of imaginary impedance 
vs. the real part of the impedance. Reproduced by permission of The Royal Society of Chemistry. 
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average of 6.4 seconds. Polyester microfiber electrodes tested in sodium sulfate also 
0.38 F/cm2
6.3 seconds
3.56 Ω· cm2
a.
b.
c.
Re(Z)(Ω)
Im
(Z
)(
-Ω
)
Frequency (Hz)
C
” 
(F
)
C
’ 
(F
)
	  	  
95 
achieved 6.4 seconds, while polyester tested in lithium sulfate had a time constant of 22 
seconds.  
 
 
Figure 3.7 Model of carbon impregnation into yarns a) Densely packed cylindrical polyester 
fibers (10 µm diameter) do not allow for carbon penetration into fiber bundle. b) Cotton fibers’ 
organically shaped structure (16 – 30 µm width) allows for improved impregnation of carbon 
particles and ion transport. c) Chemical diagram of polyester. d) Chemical diagram of cotton. 
Reproduced by permission of The Royal Society of Chemistry.  
    
 
 Polyester microfiber electrodes tested in lithium sulfate exhibit the highest 
resistance of all samples in all three techniques (Table 3.3), with values as high as 
18 Ω·cm2 when scanned at 20 mV/s. Pasta et al. made an observation about 
lithium sulfate having a slow H3O+ ion sorption that can achieve additional 
capacitance which may explain why it also exhibits the highest capacitance of 95 
F/g.93, 98 However, their reference was based on a study by Prosini et al. that tested 
SWNTs in 2 M lithium sulfate, while amorphous carbons are different in 
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structure, and thus may not have the same ion sorption mechanism as nanotubes. 
If we compare aqueous Li2SO4, Na2SO4, and K2SO4, the hydrated Na+ and K+ ions 
are smaller than hydrated Li+.99 The smaller hydrated ions can better access 
activated carbon pores resulting in higher ionic mobility and conductivity, thus 
perform better than lithium sulfate.99 The additional resistance of polyester 
electrodes tested in lithium sulfate could be the result of the combination of larger 
hydrated lithium ions, and the densely packed polyester fibers (Fig. 3.7 a), both 
resulting in higher device resistance.  
 YP50 Films compared to YP50 Fabric electrodes: As a direct comparison 
of textile electrodes to conventional films, a YP50 film was prepared and tested in 1 M 
sodium sulfate. Each electrode had a mass of 60 mg active material and 6 wt% PTFE 
binder. The YP50 carbon film had a specific capacitance of 60 F/g and ESR of 8 Ω·cm2 
from cyclic voltammetry at 20 mV/s. The device has good capacitive behaviour at low 
scan rates, but the capacitance drops significantly when scanned up to 100 mV/s (Fig. 3.4 
c-d). The bulk device also had a time constant of 22 seconds, which is much higher than 
cotton lawn electrodes. The increase in the specific capacitance and lower or similar ESR 
of the textile electrodes (Tables 3.2 and 3.3) is likely due to the thinner layer of carbon 
material across individual fibers (Fig. 3.3 c). The layers may only be a few particles thick 
meaning in combination with the porous structure of textiles, ions can easily access 
carbon pores. Meanwhile the YP50 film exhibited an areal capacitance of 0.9 F·cm-2 due 
to its higher mass loading per area (15 mg/cm2).  
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Figure 3.8. a) Cyclic voltammograms of CXV with and without 10wt% carbon onions addition 
(scan rate: 10 mV·s-1 s). b) Rate handling ability increases with the addition of carbon onions. 
Reproduced by permission of The Royal Society of Chemistry. 
 
Table 3.4 Carbon onions as a conductive additive 
Active Material (CV @ 
10 mV·s-1) 
Gravimetric 
Capacitance  
(F·g-1) 
Device 
ESR  
(Ω) 
Normalized ESR  
(Ω·cm2) 
CXV (activated carbon) 63 9 37 
CXV + 10 wt% carbon 
onions 
65 3.5 14 
 
 
 Carbon Onions as a Conductive Additive: As described, YP50 was found 
to coat fibers thoroughly and evenly when screen printed onto both cotton and polyester 
(Fig. 3.3 c-d) and exhibits good capacitive behaviour. However, CXV activated carbon 
has larger particle sizes (10 – 32 µm), which are too large to adhere to an individual fiber. 
Carbon onions are highly conductive carbon nanoparticles86 (5-10 nm) and coat polyester 
fibers better than any other micro-meter sized material (Fig.  3.2 d). Therefore, carbon 
onions have the potential to fill in the gaps between larger activated carbon particles and 
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act as conductive bridges between large CXV particles to increase conductivity 
(Fig. 3.2 b). 
  Two polyester electrodes were screen printed; one electrode was pure CXV, while 
the other electrode was comprised of 90 wt.% CXV with 10 wt.% carbon onions. 
Electrodes with the addition of carbon onions are more conductive (14 Ω·cm2 instead of 
37 Ω·cm2) and have a slightly higher specific capacitance (Table 3.4 and Fig. 3.8 a). 
Furthermore, the rate handling ability (Figure 3.8 b) was significantly improved by 
adding carbon onions 86, 87 which is similar to the effect of onions added to templated 
mesoporous carbon electrodes.100 Overall carbon onions show an improvement in the 
power for CXV.  
 
3.5 Conclusions 
  In conclusion, as hypothesized, carbon materials do retain good electrochemical 
performance when embedded into textile structures. In fact, we observe improved charge-
discharge times and higher specific capacitance as high as 95 F/g using YP50 on 
polyester microfiber in lithium sulfate. The carbon-textile composite electrodes overall 
had specific capacitances exceeding films of YP50, having a specific capacitance of 60 
F/g. These textile electrodes are flexible but not stretchable while conventional thin film 
electrodes are fragile and not ideal for smart garment applications.  
  The use of screen printing in combination with carbon particles allows infiltration 
of the porous structures of both cotton lawn and polyester microfibers. This is of 
particular importance because screen printing is a scalable technique for impregnating 
fabrics with carbon on an industrial scale. 
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  Cotton lawn and polyester microfiber carbon electrodes show similar gravimetric 
and areal capacitances. However, because of the lower resistance of the electrode and 
mass of cotton (~½ the values of polyester) as well as capacitance stability at higher scan 
rates, cotton lawn clearly is the better candidate for textile supercapacitor applications.  
  We also found that carbon onions as a nanoscale conductive additive significantly 
decrease ESR by acting as a conductive bridge filling the gaps between larger micron 
sized activated carbon particles (CXV). 
  Therefore as previously stated, this study successfully demonstrates that carbon 
materials embedded into textile structures can still perform as well or better than 
conventional film electrodes. However, inactive substrates like cotton and polyester do 
not contribute to the capacitance, nor provide any additional conductive pathways for 
electrons. Therefore, Chapter 4 explores screen printing YP50 AC into woven and 
custom knitted conductive CF fabrics for improved performance.  
CHAPTER 4.0: Knitted carbon fiber scaffolds for screen printed electrodes  
 
4.1 Hypothesis 
As compared to work described in Chapter 3, we hypothesize that replacing the 
inactive cotton and polyester substrates with conductive carbon fiber (CF) would allow 
for good capacitive performance without the need for solid metal current collectors, 
ultimately resulting in an all-textile and fully flexible device. Additionally, replacing the 
liquid electrolyte with a gel or polymer electrolyte that solidifies, should address any 
concerns about electrolyte leaking onto a wearer.  
 
4.2 Experimental Considerations 
High Mass loading: Previous reports on textile energy storage devices 
(batteries73 and EDLCs39, 45, 50, 82) report good gravimetric performance, but are often thin 
films with low and impractical areal capacities. Chemical vapor deposition (CVD) and 
electrophoretic deposition (EPD) are coating techniques that result in very uniform films, 
as evidenced by literature,50 but are limited to active material masses on the order of 
micrograms to a few milligrams. Previous works33,22, 38 have already pointed out that 
electrode film thickness affects the electrochemical performance of EDLCs, meaning that 
even if many of the CVD/EPD coated textile devices were scaled up, they may have 
inconsistent gravimetric capacitances and resistances. In addition, Stoller et al.,38 points 
out that testing devices having less than 10 mg of active material can result in the 
overestimation of capacitance due to some pseudocapacitance from impurities that 
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become more pronounced in very small devices. The majority of previously reported 
devices have very low masses per cm2, with some so small they were not reported by the 
authors of Bae et al.,50 El-Kady et al.,21 and Fu et al.51 Therefore, in this work, we sought 
to increase the mass loading of activated carbon to be comparable with a film electrode 
(15 mg/cm2), while embedding these materials into highly porous and conductive CF 
fabrics. By increasing the mass loading, the energy stored per area should also increase. 
Capacitance per area: Critical to designing energy storage for textile 
applications is capacitance per unit area (F·cm-2) since the average human body only has 
1.5 m2 of surface area. The thickness of textiles and our devices are also limited to the 
thickness of conventional textiles (usually 100 µm up to 1 mm thick). Areal capacitance 
depends upon two key factors: 1) mass loading of active material per area (as described 
above), and 2) the intrinsic capacitance of the selected active material, (e.g., AC is 
usually around 100 F/g). For example, Liu et al.,69 reports graphene painted into cotton 
devices having 326 F/g tested in 6M KOH. Even with such a high gravimetric 
capacitance, the authors’ device only has about 1 mg/cm2 of active material, resulting in a 
device areal capacitance of 163 mF/cm2. Hu et al.,82 one of only a few papers that uses a 
non-metallic current collector (carbon nanotubes acted as both electrode and current 
collector), deposited only 0.8 mg/cm2 at 90 F/g resulting in 36 mF/cm2 per device. 
Therefore high gravimetric capacitance (F/g) only translates to high areal capacitance 
(F/cm2) when also paired with high active mass loading per area (mg/cm2). However, as 
observed in industry, thicker carbon films often suffer from diffusion limitations of the 
electrolyte resulting in lower gravimetric capacitances and slower charge/discharge rates. 
Therefore these two metrics are highly interconnected.  
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Scalable Manufacturing: Knitting and screen printing are well established 
textile manufacturing techniques; using these techniques also allows us to tailor our 
textile supercapacitors for either high power, or high energy density applications by 
changing out the conductive/smart yarns and carbon printing inks. It is also possible to 
use knitting and screen printing to incorporate battery materials if desired, as well as 
batteries and supercapacitors alongside each other in the same piece of fabric. This study 
employs the same screen printing ink used in Chapter 3, (preparation described in 
Chapter 2).  
 
4.3 Active mass loading into textiles 
Knitting and Screen Printing: As described in Chapter 2, knitted CF 
electrodes were fabricated on a weft-knitting Shima Seiki (Japan) computerized knitting 
machine. Prior to fabrication, the intarsia fabric is modeled using the Shima Seiki Apex 
Design system (Fig. 4.1 a-c). Once programmed, the CF chopped staple yarn (Pharr 
yarns, USA) is embedded in a sheet of green wool (Fig. 4.1 d-f) and continuous lengths 
of the CF current collectors (theoretically of infinite size) can be knitted (Fig. 4.1 e). CF 
electrodes had a 2x3 cm section screen printed with 3 coats of activated carbon ink (Fig. 
4.1 f) and the active material weight was determined by weighing the fabrics before and 
after screen printing (Chapter 2). For comparison, PAN woven CF fabric was also cut 
into 2 cm x 6 cm electrodes and was screen printed with the same AC ink (Fig. 4.1 g-h). 
For demonstration purposes, a sample electrode was also knitted as a shirt to demonstrate 
the integration of the knit CF into a real garment (Fig. 4.1 i). 
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Fig. 4.1 Seamlessly knitted and woven carbon fiber electrodes. a) 3D simulated model and b) zoom in of 
the shirt with a textile supercapacitor electrode, embedded as part of a long sleeve t-shirt. c) simulated knit 
structure rendered before fabrication. Developed on the SDS-One Design Software. d) carbon fiber current 
collector coming out of the knitting machine during fabrication. e) four current collectors knitted at once, 
demonstration of how lengths of electrodes can be knitted quickly and efficiently f) close-up of CF 
electrode screen printed with activated carbon; outer green fabric made of wool. g) carbon fiber woven 
fabric before printing. h) carbon fiber woven fabric after printing. Only the overlapping section is coated in 
electrolyte. i) a shaped front bodice knitted as one piece with a sample electrode made as a part of the 
textile. Knitted on an SGG122SV Shima Seiki Machine. Reproduced by permission of The Royal Society 
of Chemistry.36 
 
Mass Loading in Knitted and Woven CF: The CF fabrics are 200 µm and 
400 µm for woven and knitted CF, respectively. The thicknesses of these materials did 
not significantly or appreciably increase after carbon paint was screen-printed into them. 
Woven CF electrodes (similar to cotton and polyester in Chapter 3) have an average of 
6 mg/cm2 ranging from 4-7 mg/cm2 across several sets of electrodes. Knitted devices have 
an average of 12 mg/cm2 ranging from 10-14 mg/cm2. Conventional supercapacitor films 
also have film masses within this range, and we compare a 60 mg per electrode YP17 
device (4 cm2) directly with our own textile devices (Table 4.1).  
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Table 4.1. Mass loadings of YP17 activated carbon from screen printing 
carbon fiber textiles (mass values an average of 4-6 samples) 
Electrode Structure Fiber 
diameter 
(µm) 
Thickness 
(µm) 
Fabric mass 
per area 
(mg/cm2) 
Active mass 
loading per area 
(mg/cm2) 
YP17 Film Rolled 
film 
-- 250 -- 15 
Knitted CF Plain 
weft 
6-7 400 30 12 
Woven CF Plain 
weave 
6-7 200 20 6 
 
 
Fig. 4.2 Comparison of screen printed carbon fibers from woven and knitted devices show good integration 
of activated carbon particles and similar carbon fiber structures. a-b) SEM micrograph of woven carbon 
fibers. c-d) SEM micrograph of knitted carbon fibers. e) SEM micrograph of the cross section of a YP17 
woven CF device, ~350 µm thick. f) close-up of a few carbon fibers with a network of activated carbon 
formed between the fibers. g) multiple carbon fibers networked together by activated carbon particles. 
Reproduced by permission of The Royal Society of Chemistry.36 
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Figure 4.2 shows SEM micrographs of YP17 particles intermixed with carbon 
fibers in both woven and knitted fabrics. Figures 4.2 b and d, show close ups of the 
individual carbon fibers, each having diameters of 6-7 µm and similar structures (Table 
4.1); we observe similar fiber structures and similar networking and penetration of carbon 
particles (Figs. 4.2 a, c, f, g) into the fiber bundles. Figure 4.2 e shows the side view of 
the sandwiched woven device, being ~250 µm in thickness. Knitted devices, though not 
shown, were found to be ~1 mm thick. Devices were not electrochemically tested under 
pressure.  
 
4.4 Electrochemical Characterization 
All experiments were carried out using a Biologic VMP3 potentiostat-galvanostat 
(BioLogic, USA). Devices were tested in a 2-electrode symmetric set-up and underwent 
cyclic voltammetry (CV), galvanostatic cycling (GS), and electrochemical impedance 
spectroscopy (EIS). All devices underwent 100 pre-cycles at 20 mV/s, and values of 
capacitance and ESR are taken from tests after cycling.  
The knitted and woven CF devices underwent a series of testing using cyclic 
voltammetry, galvanostatic cycling and electrochemical impedance spectroscopy, and 
values of capacitance and resistance are reported in Tables 4.2 - 4.4. Total device 
capacities range from 2-5 F with 4-6 cm2 active areas. All devices show similar 
capacitances across cyclic voltammetry, galvanostatic cycling and impedance 
spectroscopy. Galvanostatic testing is reported at 0.4 ± 0.03 A/g, and the differences in 
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mass per area, results in somewhat varying currents per area. The same data set is used 
for Tables 2 and 3 in order to keep consistency in the reported capacitance in all tables.  
 
Table 4.2 Gravimetric capacitance (F/g) determined from cyclic voltammetry (CV), 
galvanostatic cycling (GS), and potentiostatic electrochemical impedance 
spectroscopy (PEIS) tested in SiWA; all with two layers of PTFE porous membrane 
separator and using the same YP17 activated carbon. Capacitance is taken from the 
average of 2-3 samples.  
Electrode CV 
(10 mV/s) 
GS 
(0.4 ± 0.03 A/g) 
PEIS 
(10 mHz) 
Film Reference 75 52 66 
Knitted CF 88 76 77 
Woven CF 63 63 42 
 
Table 4.3 Device capacitance per area (F·cm-2) determined from CV, GS, and PEIS 
Electrode CV 
(10 mV/s) 
GS 
(0.4 ± 0.03 A/g) 
PEIS 
(10 mHz) 
Film Reference 0.66 0.39 0.50 
Knitted CF 0.51 0.44 0.44 
Woven CF 0.19 0.18 0.13 
 
Table 4.4 Equivalent Series Resistance, ESR, (Ω·cm2) determined from galvanostatic 
cycling (GS) and potentiostatic electrochemical impedance spectroscopy (PEIS). 
Textile GS 
(0.4 ± 0.03 A/g) 
PEIS 
(1 kHz) 
Film Reference 3 2 
Knitted CF 14 14 
Woven CF 50  56 
 
Fig. 4.3a, shows cyclic voltammograms of knitted and woven CF with potential 
(V) vs. capacitance per area (F/cm2). The knitted device clearly has more capacitance 
(0.51 F/cm2) than the woven devices, attributed to the higher active material mass per 
area (Table 4.1). Galvanostatic cycling (Fig. 4.3 b) at 0.4 ± 0.03 A/g, confirms similar 
ESR values and capacitances to those taken from EIS (Table 4.4), being 14 Ω·cm2. The 
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woven devices show lower gravimetric capacitance; often it is expected that devices with 
lower active masses result in higher gravimetric capacitance22 given that they are not 
restricted by the diffusion of the electrolyte. However, the woven devices suffer from 
high ESR (Table 4.4) due to the non-continuous yarn structure, which is a likely cause for 
a lower observed gravimetric capacitance.  
 
 
Figure 4.3. a) cyclic voltammograms scanned at 5 mV·s-1 and normalized to capacitance per area; b) 
galvanostatic curves taken at 0.4 ± 0.03 A/g; c) EIS plots measured from 200 kHz to 10 mHz and 
normalized per cm2. d) enlarged high frequency region of knitted CF EIS curve. Resistance is taken at 
1 kHz. All curves represent the best performing samples of each set. Reproduced by permission of The 
Royal Society of Chemistry.36 
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Cyclic voltammograms of the knit device (Fig. 4.3 a) are slanted upright with a 
small increase in current at 1 V. This behavior is likely due to the knitted carbon fiber 
(Fig. 4.1 f) having many fibers standing upright which caused shorting in our initial 
devices that incorporated no separator (not reported in this paper). However, even with 
the separator some leakage current may still occur. Yarns in the woven devices are 
mostly flat (Figs. 4.1 g-h), only having to go over and under yarns perpendicular in the 
fabric, therefore we see more rectangular CVs. A small increase in current can be seen at 
1 V for all the devices, indicating that the voltage window may be slightly too wide for 
this electrolyte, leading to electrolyte decomposition. 
EIS (Figs. 4.3 c-d) also shows no obvious semi-circle at high frequencies, 
indicating that there is good electrical contact between the current collector and active 
material. As confirmed by cyclic voltammetry and galvanostatic cycling, knit devices 
also exhibit the lowest ESR of 14 Ω·cm2 (Table 4.4). Woven CF electrodes exhibit three 
times higher ESR than knitted CF electrodes. We attribute the lower resistance of the 
knitted CF to the textile structure, which is comprised of a single continuous strand of 
yarn. Additionally, a broad diffusion-controlled region is observed in Figure 4.3 d. For 
commercial aqueous or organic electrolyte based supercapacitors there is a short 45° 
angled region which is indicative of ions diffusion into the porous electrode material, 
transitioning to purely capacitive behavior of low frequencies. In our devices this region 
is extended, indicating slow ionic diffusion due to the use of a gel/solid electrolyte and a 
microporous electrode material.  
The YP17 film electrodes are also tested with a PTFE separator and SiWA gel 
electrolyte, but still uses a stainless steel metal current collector. They show areal 
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capacities as high as 0.66 F·cm-2, ESR of 2 Ω·cm2, and a 1 second time constant. This is a 
lower capacitance per are compared to the film reported in Chapter 3, tested in 1M 
sodium sulfate and having 0.9 F/cm2, but also 2-3 Ω·cm2 but a faster time constant of 22 
seconds. We attribute the lower capacitance and slower time constant in this work to the 
slower diffusion of ions in the gel electrolyte.  
The knitted CF devices have 0.51 F/cm2 with ESR values of 14 Ω·cm2 and a 
7 second time constant (Tables 4.3 and 4.4). The limiting factor for knitted devices is 
high ESR due to lower conductivity of the carbon fiber current collectors. Carbon fiber is 
about five orders of magnitude more resistive than 316 stainless steel (10-2 Ω·cm vs. 
7.5·10-7 Ω·cm respectively101). Nonetheless, our knitted carbon fiber device ESR 
(14 Ω·cm2) is only one order of magnitude higher than a conventional YP17 device using 
a stainless steel current collector (2 Ω·cm2). Clearly conductivity of the current collector 
plays an important role in device ESR, but does not result in device ESR scaling linearly 
with current collector conductivity. Furthermore, previous works in literature have not 
only lower resistance, but significantly lower device capacitance. Our devices are very 
large (~3 F) which contributes to the increase of the RC time constant. 
Bending and stretch testing: Flexibility of the devices is an important aspect 
to consider when designing supercapacitors for wearable applications (Fig. 4.1 a). To 
measure the performance while bent, we conducted cyclic voltammetry while the device 
was bent at 90°, 135°, and 180°. The device was mounted on a hinged wooden plank, 
(Chapter 2, Fig. 2.14) with the middle of the device at the folding point. Also after 
observing possible electrolyte decomposition when cycling to 1 V (Fig. 4.3 a), we chose 
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to adjust our operational voltage window to 0.8 V. In this range we see no irregular 
increase in current at 0.8 V. 
Electrochemical testing was carried out at 2 mV/s, after initial testing of ~200 
charge/discharge cycles at scan rates from 2-20 mV/s and currents ranging from 0.1-
0.5 A/g. Bending tests were conducted one after another, and the angle was changed 
manually. We find good capacitance retention from all tests, as seen in Fig. 4.4. After the 
initial bending, the device retains ~80% of its original capacitance. We attribute this 
initial capacitance loss to a loosening and delamination of carbon particles within the 
knitted CF as observed in Figures 4.2 f-g.  
We also tested the devices when stretched 50% wider, and found that they also 
exhibited a small loss in capacitance which we attribute to the breaking of conductive 
networking between carbon particles when changing the dimensions of the device (Fig. 
4.4 a-b). We relaxed the fabric to a flat state and re-measured the capacitance and again 
found a small decrease in capacitance. We believe the handling of the devices may be 
dislodging carbon particles with each movement.  
In order to determine whether or not continued degradation would occur from 
bending, we conducted four more experiments. After waiting 6 hours from the final flat 
test, we tested the device again flat, then bent again at 180°, then flat, then once more 
folded at 180°, and again flat. The device regained some capacitance after allowing the 
fabric to rest for 6 hours. It is possible that the fabric had not fully contracted back to its 
original dimensions during the flat test immediately after stretching, but had fully 
contracted within the 6 hours. Testing at 180° revealed almost no change in performance 
(Fig. 4.4 b). However, it is in the recovery of the flat state from the folded state that we 
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see a decrease in device performance comparable to when stretched. We hypothesize that 
the folding compacts the carbon particles and fibers together, and then these compacted 
particles do not “re-disperse” evenly into the fabric and further degradation of the carbon 
network and conductivity occurs. To be clear, no carbon material is flaking off the 
electrodes as they are embedded into the gel electrolyte and carbon fiber. However, 
particles may also be delaminating from the surface of the carbon fibers, (i.e., current 
collectors) decreasing the amount of material that is actually contributing to the overall 
capacitance.  
 
 
Figure 4.4. a) shows a series of cyclic voltammograms at 2mV·s-1  while under different bending 
conditions. b) depicts capacitance retention under different bending conditions. Reproduced by permission 
of The Royal Society of Chemistry.36 
 
 
 
4.5 Conclusions 
This paper serves as the first demonstration of knitted carbon fiber electrodes, 
while achieving the highest reported capacitance per area for an all-carbon textile-
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supercapacitor (0.5 F/cm2), and having comparable mass and capacitance to conventional 
supercapacitors tested under the same conditions. The knitted devices reported in this 
paper have the highest reported active material mass loading for a textile supercapacitor. 
We also show good mechanical and performance stability of the devices when stretched 
and bent to 180°. We chose a fabrication technique that results in high areal mass loading 
while retaining the high intrinsic capacitance of activated carbon. Knitted electrodes can 
also be quickly and easily scaled up for commercial manufacturing.  
Activated carbon is often used as a baseline for the development of new material 
systems. This work uses AC with a gel electrolyte, essentially demonstrating the 
performance of a system with the slowest ion mobility, but also serves as a baseline for 
other material systems. We fully expect that the use of conductive additives, and other 
more conductive carbon nanomaterials (e.g., graphene, carbon nanotubes, or onion-like 
carbons) can improve the rate performance, resistance, and specific capacitance, as 
evidenced by literature21, 39, 82, 102.  
However, integration challenges still remain in this work – where multiple layers 
of fabric are still required to be stacked on top of each other, resulting in a thicker fabric 
electrode, and this system still requires the use of a PTFE separator. However, electrodes 
can be carefully knitted into various configurations, but rather than printing, the yarn 
could be the electrode material51, 83, 103 (as described in Chapter 1). Therefore, Chapter 5 
describes a new method for integrating carbon materials into cellulose yarns and 
demonstrates their knittability. Once the electrode yarns are developed, Chapter 6 will 
explore various knitted electrode geometries.   
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CHAPTER 5.0: Natural Fiber Welded Electrode Yarns for Knittable Textile 
Supercapacitors 
 
5.1 Hypothesis 
 Screen printing proved to be an effective method for integrating carbon materials 
into different textile structures. However, multiple layers of fabric are still required to be 
sandwiched together to create the entire device (e.g., Chapter 2, Fig. 2.4). If possible, 
building a fabric from the ground up would better allow for materials to be integrated 
seamlessly alongside other woven or knitted components (Fig. 5.1), and could allow for 
the supercapacitor to be made on a single plane of fabric. We hypothesize that a yarn of 
sufficient strength could be embedded with carbon materials for supercapacitor 
applications, while also being knittable. Based on the work described in Chapters 3 and 4, 
we can also hypothesize that these yarns would also have good electrochemical 
performance, comparable to that of a conventional film device. 
 
5.2 Experimental Considerations 
Electrode Material: Previous reviews on ECs4, 6 discuss tailoring electrode 
materials to suit a particular power application. For example, while highly conductive 
carbons with low equivalent series resistance (ESR) are better suited for high power 
applications, inexpensive activated carbons with high surface area per volume are better 
suited for higher energy applications (while maintaining sufficiently high power 
compared to batteries). Some proposed devices, fabricated with capacitive yarns have 
excellent performance, but may only be able to incorporate a single kind of carbon 
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material, such as grown graphene54 or CNT60, 104, into the yarns. Very few energy textile 
studies report on the performance of activated carbon 33, 36, 40, 44, yet it is still the most 
widely used and least expensive electrode material for conventional supercapacitors. In 
this work, we explore the use of YP50 activated carbon with 10 wt.% carbon black as a 
conductive additive. We also explore the use of graphene nanoplatelets for comparison.  
 
 
Figure 5.1 Concept illustration of a garment device embedded with electronic components knitted into the 
fabric. a) sensing fabric to monitor vitals or the environment; b) communication/logic fabric for sending, 
recieving and interpreting information, c) energy harvesting fabric, such as piezoelectric materials or 
triboelectrics that can harvest energy from breathing; d) energy storing fabric, with alternating 
anodic/cathodic stripes. Reproduced with permission from John Wiley and Sons.83 
 
 
Scalability: Knitting was used to assemble energy storing fabrics because 
computerized machine knitting requires less yarn and set-up time than industrial weaving 
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machines to complete a sample textile. Thus smaller batches of yarn could be NFW and 
subsequently tested for knitting without wasting large quantities of yarn. With the 
appropriate knitting machinery (i.e. Shima Seiki, 122SV-SSG), conductive yarns can also 
be designed into various geometries while remaining insulated from other conductive 
yarns (Fig. 5.1).  Once knitting conditions are optimized for use with industrial knitting 
equipment, and a knit program is complete, it can be sent to a factory immediately for 
mass manufacturing.  
Scalability of yarn production is also a consideration for any proposed yarn 
supercapacitor or battery system if it will be a viable solution for powering textile 
electronics.  The Natural Fiber Welding (NFW) coating process presented in this report 
can produce hundreds of feet of coated yarn at a time, delivering consistent mass loadings 
of capacitive material.  This scalable yarn production process integrated with the 
industrial knitting process as demonstrated in this report presents strong potential for a 
completely scalable system. 
 
5.3 Active mass loading into yarns 
Natural Fiber Welding: In this work, cellulose yarns were converted to ECs 
through NFW 78 - a process that uses controlled amounts of ionic liquids (ILs) and 
molecular co-solvents to selectively swell and mobilize biopolymers in fibrous materials 
for functional modification. NFW processes control and minimize the amount of 
dissolution (denaturation) of fibrous natural substrates, maintaining or often enhancing 
the inherent material strengths of the native biopolymer material. During the welding 
process, hydrogen bonding networks between biopolymers are reconfigured and extended 
	  	  
116 
by only mobilizing the outermost biopolymers of individual fibers.  By regulating the 
ratio of solvent to substrate, solvent efficacy, time, temperature, pressure, location of 
solvent exposure, etc., fibrous materials are welded together to create complex 
composites while maintaining the structure of individual fibers in their native states in the 
core 78, 79.  Through fiber welding, functional materials (i.e., nanocarbons, magnetic 
materials) as well as molecules (i.e., fluorescent dyes and pharmaceuticals) can be 
incorporated into natural fibers to generate composite systems with advanced 
functionalities.  
In this study, activated carbon materials were introduced into swelled cellulose 
yarns (cotton, linen, bamboo, viscose) during the welding process. When the ionic liquid 
was removed, carbon particles were embedded in the fiber surface, forming a conductive 
network between welded fibers. The electrode materials and electrochemical properties 
were investigated.    
Material Characterization: Scanning electron microscopy (SEM) was used to 
examine the individual materials and the morphology of the yarns in their native state 
(Fig. 5.2).  The cotton fibers were ~15-20 µm thick and made up a 500 µm diameter 2-
ply yarn (Fig. 5.2 a).  The activated carbon (AC) particles range from 2 µm to 10 µm in 
size (Fig. 5.2 b). The stainless steel fibers were measured to be ~ 7 µm thick (Fig. 5.2 c). 
Fig. 3d-e show the AC-NFW yarn twisted together, and the surface morphology of the 
carbon embedded cotton. After coating with AC, the yarns did not appreciably change in 
thickness; for NFW yarns (biopolymer binder without carbon), the thickness decreased as 
fibers welded together and collapsed the internal porosity (Fig. 5.3).  For AC-NFW yarns, 
the fibers appear less heavily welded at the core due to the interference of AC particles 
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with binder (Fig. 5.2 g).  A more porous electrode structure will allow effective 
incorporation of electrolyte. A cross-sectional image of the AC-St-NFW cotton yarn (Fig. 
5.2 h) shows similar porosity to the AC-NFW indicating it will also allow good 
incorporation of electrolyte. 
 
Figure 5.2 SEM images of yarn and carbon materials, a) uncoated cotton yarn, b) activated carbon 
particles; c) a single stainless steel fiber, d) twisted AC-NFW and steel yarns, e) close-up of the yarn 
surface after AC-NFW on cotton. f) native cotton yarn cross-sectional view, g) AC-NFW cotton yarn, h) 
AC-St-NFW cotton yarn. Reproduced with permission from John Wiley and Sons.83 
 
 
Fig. 5.3 SEM images of natural fiber welded yarns without carbon. A. cotton, b. linen, c. bamboo, d. 
viscose nylon blend. Reproduced with permission from John Wiley and Sons.83 
 
  
a. Cotton d. Viscose/Nylon Blend b. Linen c. Bamboo 
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Table 5.1 Material fabrication summary. *Binders were 50:50 MCC/Cotton blend, except 
Yarn C ( 100:0 MCC:Cotton Blend, and Yarns F and G (0:100 MCC:Cotton Blend). **All 
carbon ratios were ~90:10 activated carbon YP50:other carbons (carbon black, 
graphene, CNT).  Yarn E contained 0.8% by mass CNT.  
 
Coating 
process 
Yarn type Binder* Mass 
% 
Carbon 
Mass ** 
(mg/cm) 
Needle 
Gauge 
Reconstitution 
AC-NFW Cotton 1.0 0.35 1" heat 
shrink 
60°C, 30 min 
Cotton 1.0 0.37 2" 20G in-line water 
AC-St-NFW Cotton/Steel 0.5 0.62 1" 16 G in-line water 
AC-NFW Viscose 
Blend 
0.5 0.44 2" 18 G in-line water 
Linen 0.5 0.59 2" 18 G in-line water 
Bamboo 0.5 0.54 2" 18 G in-line water 
Gr-NFW Cotton 1.0 0.41 2" 18 G in-line water 
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Table 5.2 Capacitance per length and resistance from CV and EIS 
  Capacitance per length (mF/cm)  
Coating 
process 
Yarn type 2 mV/s 5 mV/s 10 mV/s 20 mV/s ESR @ 1 
kHz 
AC-NFW Cotton 7.6 6.4 5.2 4.1 2.3 
 Cotton 6.7 5.1 3.9 2.8 2.5 
AC-St-NFW Cotton/Steel 37.2 27.2 19.5 13.1 1.5 
AC-NFW Viscose Blend 2.6 2.0 1.5 1.1 1.5 
 Linen 11.5 8.0 5.9 4.1 1.7 
 Bamboo 13.0 9.8 7.6 5.6 -- 
Gr-NFW Cotton 8.3 6.7 4.9 3.2 1.4 
 
 
Mass Loading: The masses of each yarn were measured before and after 
welding to determine the mass loading of carbon. Due to some variability from yarn to 
yarn, the masses were averaged from ~ 100 cm of native and AC-NFW yarns. The mass 
of AC, binder and carbon black (CB) in the AC-NFW yarns ranges from 0.34 mg/cm to 
0.37 mg/cm, and AC-St-NFW yarns yield masses of 0.62 mg/cm (Table 5.1). These 
average masses per length were used to determine gravimetric capacitance. The masses 
reported here are appreciably higher than masses reported in other supercapacitive yarns1, 
51, 60.   
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5.4 Electrochemical characterization  
All devices undergo CV at 20 mV/s for 100 cycles to “pre-cycle” the device, then 
capacitance measurements are taken from CVs at 1, 2, 5, 10, 20, and 50 mV/s, followed 
by GV at 0.1, 0.2, 0.5 and 1.0 A/g of active material. All devices are tested in a 0.0 – 0.8 
V window in a symmetric 2-electrode cell. All devices are tested in SiWA electrolyte. 
Prior to knitting any yarn, electrochemical characterization was performed to 
determine which fabrication conditions yielded the highest capacitance and lowest 
resistance (Table 5.2). Strands of yarn were assembled into 2-electrode symmetric 6 cm 
long devices with 2 layers of Celgard separator (polypropylene nano-fibers), and soaked 
in a PVA based polymer electrolyte, so called “SiWA” 80.  A single strand of stainless 
steel yarn was used as the current collector in each electrode, and was directly connected 
to the potentiostat with alligator clips.  
For the AC-NFW cotton yarns, the active material had a low gravimetric 
capacitance of 36 F/g per electrode when tested at 2mV/s.  YP-50 AC is rated for 88 F/g 
(per electrode) by the manufacturer, and previous studies also confirmed a higher 
capacitance with the same polymer electrolyte36.  In an effort to increase electrochemical 
performance, we modified the NFW process, coating the steel and cotton yarns after they 
had been pre-twisted together (AC-St-NFW).  This modification increased contact 
between current collector and the electrode yarns, greatly improving mass loading, 
gravimetric capacitance, and capacitance per length.  
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Figure 5.4 Electrochemical results for all carbon welded yarns. a) CVs taken at 5 mV/s for cotton yarns 
that underwent AC-NFW and AC-St-NFW normalized to capacitance per length. b) EIS plots taken from 
200 kHz to 10 mHz for the cotton devices from a, the larger plot is the close-up of the high frequency 
region, and the inset depicts the entire curve down to 10 mHz. c) CVs of AC-NFW samples soaked at 5, 10 
and 20 minutes in SiWA, and are normalized to capacitance per length (mF/cm) vs. voltage. d) EIS results 
taken from 200 kHz to 10 mHz, large plot: close up of high frequency region, inset: full plot from high to 
low frequencies. e) Long term cycling at 0.2 A/g over 3000 galvanostatic cycles. f) Flexibility testing of 
AC-NFW cotton yarns at 10 mV/s. The device was tested while (1) Flat, (2) Bent 180 degrees, (3) Bent 
again at 180 degrees, (4) Curled twice upon itself, (5) Crumpled into a ball without crossing the anode and 
cathode leads, and (6) finally flat again. Reproduced with permission from John Wiley and Sons.83 
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Fig. 5.4 a shows cyclic voltammograms at 5 mV/s of the AC-NFW and AC-St-
NFW yarns. The AC-St-NFW yarn results in higher AC mass loading of 0.66 mg/cm, 
compared to 0.34 mg/cm, and an increased gravimetric capacitance from 36 F/g to 120 
F/g (at 2mV/s).  In AC-St-NFW yarns, the carbon is also intermixed with the steel fibers, 
improving the contact between the current collector and the various carbon particles 
embedded in the cotton yarn and yields 37 mF/cm vice 6-8 mF/cm. EIS was performed 
using a 10 mV amplitude fluctuation centered at 0.0 mV vs. OCV, and scanned between 
200 kHz and 10 mHz oscillation frequencies. Fig. 5.4 b shows that the AC-NFW yarns 
are less resistive than the AC-St-NFW, 0.5 Ω/cm vs. 1.5 Ω/cm, which can also be 
attributed to having lower carbon mass. A semi-circle characteristic of charge transfer 
resistance is present for both materials at high frequencies, which can be attributed to the 
diffusion of ionic species through the polymer electrolyte into small activated carbon 
pores28, 105. This feature would be less prominent in non-porous systems, as this polymer 
electrolyte has been thoroughly tested at scan rates up to 20 V/s in previous work.80 
Evident from the poor rate handling at fast scan rates, this particular material 
system has power limitations due in part to the low conductivity of the activated carbon 
combined with a slower ion transport in gel electrolyte. To ensure that this material was 
safe for integration into wearable fabrics and frequent skin contact, we chose to use 
activated carbon as the electrode material.  However, the power can be improved by 
using more conductive carbons such as CNTs, carbon onions, or graphene flakes, as 
demonstrated in other works,51, 54, 106 and will be discussed later (Fig. 5.5 a).  
Initial knitting of the cotton welded yarns revealed that they were all too brittle to 
withstand being processed though the machine. Even at slow speeds, the knitting needles 
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typically cut through the material instead of forming knit loops. Therefore, other cellulose 
based materials need to be explored. Mechanical testing was also conducted to explore 
potential reasons why this occurred (Fig. 5.6), and will be discussed later.  
Electrolyte Soaking: A study was performed to determine the ideal soaking 
time for these materials to optimize capacitance and ensure all of the material is 
accessible to the electrolyte. Samples were soaked for 5, 10, and 20 minutes in SiWA 
before heat treating at 90°C for 20 mins. All devices were made from the same length of 
AC-NFW yarns, and tested in a symmetric set-up with electrodes 6 cm in length. Fig. 5.4 
c shows the resulting CVs at 5 mV/s.   Soaking for at least 20 minutes results in almost 
twice the capacitance compared to the 5-minute soaked samples. EIS (Fig. 5.4 d) shows 
that the ESR remains ~ 1.6 Ω/cm at 1 kHz for each system tested, indicating the 
observed capacitance increase is due solely to the electrolyte accessing more carbon 
material. 
Long term cycling: Long term cycling was conducted on an AC-NFW sample 
that was soaked for 20 minutes in SiWA (Fig. 5.4 e).  Galvanostatic cycling was 
conducted at 0.2 A/g (0.408 mA for ~ 2.04 mg of active material), for 3000 cycles in a 
0.8 V window over the course of 3 days. Fig. 5.4 e depicts the capacitance per length at 
cycles 10, 100, 200, 500, 1000, 2000, and 3000. From cycle 10 to 3000, there is an 
appreciable decay of ~23%, decreasing from 5.5 to 4.3 mF/cm. It is possible that over the 
course of testing, some of the activated carbon particles delaminated from the cotton 
surface and from each other, reducing the overall conductivity of the sample. Regardless, 
future studies are needed to identify the cause of this capacitive decay.  
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Flexibility Testing: Flexibility testing of these materials compared to their 
electrochemical performance is crucial for wearable and other flexible applications. We 
tested a cotton AC-NFW yarn while initially flat, bent 180°, curled, and crumpled into a 
ball. Fig. 4f shows the resulting CVs from these stress tests at 10 mV/s. The device was 
precycled at 20 mV/s for 100 cycles prior to bending. There was some capacitive decay 
upon bending and deforming the yarns, but even when severely crumpled, the device 
remained operational and recovered some capacitance when flattened again. 
Graphene Nanoplatelet Integration: In separate experiments, graphene 
nanoplatelets were fiber welded into cotton yarns and investigated as an alternative or 
supplement to activated carbon (Fig. 5.5 a).  Mechanical and electrochemical testing of 
these electrode systems were both performed for comparison.  As assembled, these 
graphene cotton NFW yarns yielded ~ 8 mF/cm, the same as the AC-NFW cotton yarns.  
Of note, these experiments were performed prior to the NFW optimization involving AC-
St-NFW yarns and the soaking studies, both of which greatly enhanced electrode 
electrochemical performance.  From these results, we demonstrate our presented 
methods’ capability to incorporate other micro/nano capacitive materials for the 
discussed application.  Further studies with graphene need to be pursued to optimize the 
material. 
AC-NFW on other cellulose based yarns: Because AC-NFW-cotton yarns 
yielded good electrochemical results, and the AC-NFW process can be used for any 
cellulose based yarn, we conducted AC-NFW on linen, bamboo and viscose yarns 
(Fig. 5.5). Cotton yarns have average solid mass loadings of 0.34 mg/cm.  The bamboo, 
linen and viscose yarns delivered higher initial mass loadings ranging from 0.44 – 0.59 
	  	  
125 
mg/cm (Table 5.1). SEM images of the native and AC-NFW yarns can be seen in Figs. 
5.5 b-g. Similarly to the cotton welded yarns, the linen, bamboo and viscose retain more 
porosity with the incorporation of AC into the welding process. 
The viscose yarn had the lowest capacitance per length though it has carbon 
loading on the same order as all of the other yarns (Fig. 5.5 a). Since it is a blend 
(viscose/nylon 80/20), we believe that the nylon fibers, which do not weld with the 
carbon or cellulose, block the steel yarn current collector from making electrical contact 
with some of the carbon particles, thus lowering the overall capacitance of the yarn to 
1.79 mF/cm, still 3 times higher than other reported devices.50, 51, 54, 60, 65 Comparatively, 
bamboo and linen had capacitances of 13.0 and 11.45 mF/cm, respectively, compared to 
8.5 mF/cm for heat treated cotton, and 7.0 mF/cm for non-heat treated from CVs at 2 
mV/s (Fig. 5.5 a). Similarly to the AC-NFW cotton, the gravimetric capacitance was 
surprisingly low, 48 and 38 F/g for bamboo and linen respectively, compared to 36 F/g 
for non-heat treated AC-NFW cotton.  Each of the viscose, bamboo, and linen AC-NFW 
yarns were successfully machine knitted. 
Given the better performance of AC-NFW bamboo, AC-St-NFW was prepared 
for bamboo yarns and tested after being soaked for 20 min.  Flaking on these yarns was 
unexpectedly severe and resulted in electrical shorting of every assembled device. For 
future work, the polymer electrolyte will be coated and dried onto the yarns prior to 
handling to avoid additional flaking. Additionally, this yarn was processed through the 
knitting machine to determine if the mechanical properties were ideal, and it failed to 
knit. 
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Figure 5.5 a) Cyclic voltammetry at 5 mV/s of AC-NFW linen, bamboo and viscose yarns as compared to 
AC-NFW for cotton, and graphene embedded cotton (Gr-NFW). b-g) SEM images b) native linen yarn, c) 
native bamboo yarn, d) native viscose-nylon yarn, e) AC-NFW linen, f) AC-NFW bamboo, g) AC-NFW 
viscose-nylon. Reproduced with permission from John Wiley and Sons.83 
 
Knitting the devices: Knitting of the yarns was carried out on a Shima Seiki 
SSG 122SV V-bed knitting machine. Small swatches of fabric were programmed on the 
Apex-3 knit paint software (Fig. 5.6). Each electrode is two knitted rows, comprising ~ 
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48 cm of yarn per electrode. Two rows of non-conductive yarn are knitted in the middle 
of each electrode to act as a physical separator, and the SiWA electrolyte is coated onto 
the fabric after assembly. A minimum of 2 rows is required for electronic separation. This 
striped pattern is also depicted in the concept illustration in Fig. 5.1, demonstrating the 
ability to both simulate and fabricate the same fabrics. 
We began by attempting to knit the AC-NFW and AC-St-NFW cotton yarns. It 
was found that all of the cotton yarns were too brittle to withstand being contorted 
through the knitting machine, and subsequently the knit structure, and broke into many 
small pieces. After the failure of the cotton yarns, we proceeded to successfully knit the 
linen, bamboo and viscose AC-NFW yarns depicted in Fig. 5.6 We believe that because 
the fibers in linen (2-4 ft.), bamboo (2-3 inch.), and viscose (continuous filament) are all 
longer than the cotton yarn fibers (0.5-1.5 inch.), they were less likely to pull apart from 
each other while under tension in the knitting machine, and the strength of the cellulose 
polymer could actually contribute its support while knitting. Future work will elaborate 
on the electrochemical performance of the knitted devices. 
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Figure 5.6 Photographs of knitted samples. a) photograph of a flat knitted supercapacitor, b) photograph of 
knitted supercapacitor while stretched, c) close-up photograph of knitted electrode stripes, d) yarn prior to 
knitting wrapped around a finger demonstrating its flexibility. Reproduced with permission from John 
Wiley and Sons.83 
 
 
Mechanical Testing: Resultant tensile testing data (procedures described in 
Chapter 2, Section 2.5) was used to optimize the NFW process parameters to deliver an 
electrode material capable of withstanding the industrial knitting process. Only yarns that 
could knit in their native states were chosen for AC-NFW.  
In all cases, NFW increased the material stress, but decreased the strain, 
essentially resulting in stronger yarns. For cotton yarns, varying the binder content from 
1.5 wt.% - 0.5% wt.% revealed a slight, linear decrease in material strength without 
significantly affecting electrochemical performance. (Fig. 5.7 a and Table 5.3).   The yarn 
with 1.5 wt.% binder had a steeper modulus at low strain (mlow) compared to average 
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modulus (m) across the entire stress strain curve.  By comparing the m:mlow ratio of the 
NFW yarns to the same ratio for their native yarns, it was hypothesized that NFW:native 
ratios near 1.0 would behave like the native materials in the knitting machine, and 
successfully knit. The average modulus (m) was calculated as the average slope across 
the entire stress strain curve. This provides a metric for determining a particular yarn’s 
elasticity.  When the modulus is higher, the material is stiffer but stronger.  A low 
modulus (mlow) was calculated for the most linear lower portion of the stress strain curve 
from the first 20-25 points for each sample. Despite lowering the binder content to a level 
where the tensile properties of the welded yarn closely matched the native, all cotton 
yarns failed to machine knit. 
 
 
Fig. 5.7 Stress strain curves for various yarns. a) Comparison of the native cotton, linen and bamboo to 
their AC-NFW counterparts. b) Comparison of the native cotton to AC-NFW with different amounts of 
binder, ranging from 0.5 to 1.5 wt.%. Reproduced with permission from John Wiley and Sons.83 
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bamboo samples. What remains true across all samples is after AC-NFW, the yarns have 
increased strength (increase in their stress before breakage) while their elongation to 
break is decreased. In particular, the bamboo shows a significant decrease in its ability to 
be stretched after AC-NFW (Fig. 5.7 a), and from SEM observations (Fig. 5.5 f) it is also 
the most heavily welded yarn. A feature that was observed only for bamboo and linen is a 
“step” in the stress-strain curve, marked as “fiber slippage” in Fig. 5.7 a. We believe that 
before the yarn breaks, some of the fibers are pulled apart from each other, but still have 
sufficient strength to keep the yarn intact before finally breaking. This is also a feature 
present in the tensile testing of polymer films. The cotton yarn does not exhibit this 
behavior. The linen (2-4 ft.), bamboo (extruded/chopped staple 2-3 inches), and viscose 
(extruded continuous filaments) yarns all have longer fibers than the cotton yarn (0.5 
inches – 1.5 inches). So it is possible, that the longer fibers have more hold on each other 
than short cotton fibers when pulled apart in the knitting machine. 
When knitting, the machine applies a force to the yarn, not only along its length, 
but also while bent. Thus when yarns are bent, the longer the fibers, the more the strength 
of the polymer can contribute to the yarn strength. With short fibers, the yarn strength is 
more dependent on the frictional strength between individual fibers.  
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Table 5.3 Tensile testing: all calculations are the result of 5-10 tests per yarn type. All 
binders were 50/50 Microcrystalline Cellulose (MCC) / native cotton fibers. Performed 
using an ADMET eXpert Universal Testing Machine with 11.5 cm samples, where 10 cm 
was under stress. 
 
 
Substrate 
% Binder 
Elongation 
at break 
Energy to 
break 
Max stress 
at break 
Modulus low 
strain (mlow) 
Modulus 
average  
(m) 
Native 
modulus 
ratio 
(%) (J/cm
3
) (MPa) (MPa) (MPa) 
Cotton Native -- 13.2 6.94 91.3 805.6 691.7 -- 
Cotton (heat) 1.5 7.5 4.81 104.4 2393.6 1392 1.48 
Cotton (heat) 1.0 9 5.5 102.8 1721.6 1142.2 1.29 
Cotton (no 
heat) 
1.0 11.2 6.21 99.3 1045.9 886.6 1.01 
Cotton (heat) 0.5 11.1 6.18 96.7 1008.6 871.2 1.18 
Viscose Native -- 52.6 12.24 40.6 74.8 77.2 -- 
Viscose 0.5 28.5 14.77 84 229.7 294.7 0.80 
Linen Native -- 8.5 5.74 130.5 1713.3 1535.3 -- 
Linen 0.5 5.2 7.02 231.9 5596.9 4459.6 1.13 
Bamboo 
Native 
-- 37.8 9.67 39.7 397.5 105 -- 
Bamboo 0.5 17.9 4.67 40.8 989.9 227.9 1.15 
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5.5 Conclusions 
In conclusion, carbon-loaded cellulose yarns are capable of acting as electrodes 
for textile energy storage, and can be knitted in a single plane of fabric.  
Activated carbon was embedded into the fiber surface in quantities up to ~0.6 
mg/cm. Cotton AC-St-NFW yarns yielded capacitances up to 37 mF/cm, with low ESR 
of 1.5 Ω/cm, and AC-NFW had capacitance up to 8 mF/cm.  
Despite good electrochemical performance, cotton yarns were too brittle to be 
knitted. However, other types of cellulose yarns and carbons were successfully fabricated 
using the NFW process, with the linen, bamboo and viscose yarns all knitting 
successfully. The majority of work from the literature does not demonstrate the ability to 
knit or weave their devices, but as demonstrated here, it is imperative to determine if a 
fiber or yarn supercapacitor is capable of serving smart textile applications. Good 
electrochemical performance does not necessarily result in knittability.  
Once successful electrode yarns were developed, understanding how the knit 
structure can affect the capacitance will inform the best method for manufacturing a full 
textile. A model system is discussed in Chapter 6.   
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Chapter 6.0: Characterization of Knitted Electrodes and their affects on 
electrochemical behavior 
 
6.1 Hypothesis 
In recent years many reports on textile supercapacitors107 have primarily focused 
on developing yarn and fiber like capacitors (as described in Chapters 1 & 5) because 
they can be woven, knitted, stitched or wrapped around objects. However, many of these 
materials are also insulated strands, meaning as their capacitance (C) increases linearly 
with length, so does their electrical resistance (R), which will pose problems for large 
devices. One approach to solving this problem is to make new materials with 
significantly lower conductivity108. However, highly conductive carbon materials (e.g., 
graphene or CNTs) also typically have lower C due to lower surface area as compared to 
less conductive amorphous carbons (Chapter 5). Additionally, different carbon materials 
are suitable for different power and energy dense applications. Screen printing and NFW 
were explored in order to increase the range of applications, since many combinations of 
carbons can be used to make screen printed textile or NFW yarn electrodes. Moreover, 
many of the single strands of CNT or graphene yarns are more suitable for micro-
supercapacitor applications because of their scale and high power densities1, 50-52, 60, 63, 103, 
104.  
We hypothesize that knitting can be used to incorporate capacitive yarns into 
textiles while minimizing the R and maximizing the C in order to allow for the 
fabrication of larger devices using any electrode material. It is also one of the goals of 
this work to explain how the knit structure may affect the capacitance. In order to test this 
hypothesis, knitted supercapacitors were designed and fabricated (Fig.  6.1), and the 
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electrical conductivities and electrochemical performances were characterized when 
devices were stretched at different elongations. As described in Chapter 4, knitting is a 
widely used textile manufacturing technique, and with simple alterations to the knit 
programs, supercapacitors could be quickly and easily incorporated into full garments 
and textiles (Fig. 6.1).  
 
 
Fig. 6.1 Concept design for a garment device incorporating a knitted interdigitated supercapacitor.  
 
 
6.2 Experimental Considerations 
Model System: In order to understand how a knit structure affects the 
electrochemical performance, 100% stainless steel yarn (Chapters 2 & 5) was used as the 
electrode material for a few reasons: first, it had sufficient surface area to store upwards 
of 31 µF/cm, there were no diffusion limitations often attributed to microporous materials 
(i.e., AC), and when stretched and deformed it would not crack or flake like some carbon 
yarns. Therefore any changes that we observe will be due to the textile structure, and not 
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to a failure in the material system. This system can also act as a baseline for all future 
work on knitted electrode materials, where any changes in the electrochemical 
performance can be individually attributed to either the knit structure or yarn properties. 
A simple model was developed to describe how to predict the C and R of these different 
styled devices. 
Electrolyte: Gel electrolytes are most commonly used in fiber and yarn 
supercapacitors, but once dried, it is possible they could crack. This could have an 
adverse affect on the electrochemical performance that will be difficult to distinguish 
from the performance of the textile. Therefore aqueous 1M lithium sulfate (Li2SO4) or 
1M sodium sulfate (Na2SO4) was used in all experiments. 
 
6.3 DC Conductivity Measurements 
Do knitted fabrics behave like wires in parallel?: One of the main 
parameters this study depended on, was whether or not knitted conductive materials 
behave like wires in series or parallel. A paper from 2009 by Li et al.,109 initially reported 
how conductive rows of yarn can be wired in parallel using silver coated nylon yarns, and 
proposed a network model as seen in Fig. 6.2. The same authors also go on to fully 
characterize various knit structures and their conductivities110.  
As can be seen, the R is proportional to the total length of yarn in each row, where 
the R of a single knitted row is precisely proportional to a single strand (laid flat) of the 
same material. If each row (R1, R2) can be treated like a resistor (Fig. 6.2 a), then we can 
assume Eq.’s 6.1 and 6.2 are true based on Ohms Law. We should also be able to predict 
the R of these knitted conductive fabrics using this simple model. However, no matter the 
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electrode configuration, the C will be proportional to the total length of yarn. Therefore it 
may be possible to engineer knitted supercapacitors with a desired R and C. 𝑅! + 𝑅! = 𝑅!"!#$                  (6.1) !!! + !!! = !!!"!#$                            (6.2) 
One key difference between Li et al.’s model and our system, is that the stainless 
steel is 100% metal, not coated silver. Therefore, the Rc (RC) used is negligible 
(Fig. 6.2 b) because the steel should behave like wire (Fig. 6.2 c). Rc becomes a more 
important parameter when the yarns are less conductive, and the RC upon increased 
stretching becomes lower than the R of the yarn itself, assuming electrons still follow the 
path of least R. In order to determine if the model in Fig. 6.2 c is correct, a series of 
conductivity measurements were taken when the full fabrics were stretched.  
 
 
Fig. 6.2 Illustration showing how conductive yarns can be treated as wires in parallel. (a) Schematically 
shows two intertwined rows of conductive yarn, where each yarn is labeled and treated as a resistor, R1 or 
R2. (b) Shows the resistive network of these two intertwined yarns, where each block represents the R of a 
length of the yarn, and the red smaller squares represent the Rc RC between the two conductive yarns. For 
metallic yarns such as the stainless steel, RC has a negligible role, and the circuit can be simplified to two 
resistors wired in parallel as seen in panel (c). Adapted from Ref: 109. 
 
 
Fig. 6.3 a shows the 3D simulated fabrics of a single, double and triple knitted 
conductive row, along with the predicted and measured DC conductivity when measured 
with 2 points from end to end. Each measured value is the average of 6 measurements. 
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The multifilament stainless steel yarn was determined to have ~ 0.34 Ω/cm, and ~ 21.6 
cm across a 40 stitch wide fabric. Therefore the R of 1 row should be 7.3 Ω, and was 
measured to be 7.7 Ω (i.e., R1 = 7.3 Ω). Two rows was predicted to have 3.65 Ω and was 
measured at 3.67 Ω (i.e., if R1 = R2, then Rtotal = R1 / 2), and three rows was predicted and 
measured to be 2.3 Ω, (i.e., Rtotal = R1 / 3). Therefore these measurements are in good 
agreement with Ohms Law.  
Fig. 4b shows the same knitted fabrics R when a force is applied along the weft 
direction of the fabric (horizontal). The fabrics were stretched using small weights of 10, 
20, 30, 40, 50, 100, 150, and 200 g. It is clear that there is little change in the R due to 
stretching, though there is more change for 3 rows, decreasing from 2.55 Ω to 2.3 Ω upon 
stretching.  
Fig. 6.4 a shows a simple apparatus for measuring the DC R between two yarns, 
to determine the RC under different forces for a single contact. Eq. 5 shows that the total 
R (RTotal) is comprised of lengths of yarn from the terminal point to the point of contact 
(RL1 and RL2) as well as the RC between the loops. Small weights were tied to the end of 
one yarn in increments of 10, 20, 30, 40, 50, 100, 150, and 200 g. Fig. 6.4 b plots the Rc 
between the yarns vs. the force (N) applied to the yarns. It is obvious that with increased 
force between the yarns, the Rc decreases. This has been confirmed in previous 
reports.109, 110 𝑅!"!#$ = 𝑅!! + 𝑅!! + 𝑅!                    (6.3) 
When knitted these forces are distributed across many loops, therefore we can 
expect that the paths of least R will still be through the steel yarn itself, and not through 
these contact points. For example, the multifilament steel is 0.34 Ω/cm (orange line in 6.4 
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b), and each knitted loop is ~ 0.54 cm, and there are at least 2 points of contact within 
each loop (Fig. 6.3 a). Therefore the R of the yarn per loop is only 0.18 Ω, while each 
contact point is greater than 0.2 Ω even at 2 N of force, so the majority of the current will 
flow along the length of the yarn rather than through contacts. For more resistive yarns, 
these contact points will play a more critical role.   
 
 
Fig. 6.3 DC conductivity measurements when rows of conductive fabric are flat and stretched (a) 3D 
simulations of one, two and three knitted conductive rows, along with their predicted and measured Rs 
when flat. (b) Shows the R of the same fabrics when a load (stretch) is applied to the fabric. 
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Fig. 6.4 Rc between steel yarns for a single contact. (a) The experimental set-up for determining the Rc 
between two yarns, where each yarn is connected to a terminal, and a weight is hung from one end to apply 
a force on the yarn. (b) Shows the Rc for three types of stainless steel yarn. Measurements are the average 
of 3 samples per yarn type.  
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6.4 Preliminary electrochemical testing of steel yarn 
Prior to electrochemically testing the knitted fabrics, single strands of the 
multifilament steel yarn were assembled into a supercapacitor device and tested for their 
baseline C (Fig. 6.5). Fig. 6.6 shows the electrochemical performance from CVs and EIS 
at different electrode spacing of 1, 2, 3, 4 and 5 mm. Experiments were carried out on a 
Biologic VMP-3 potentiostat-galvanostat, in a 0.8V window in 1M aqueous lithium 
sulfate. These measurements will be used when predicting the C of the fully knitted 
structures.  
 
 
Fig. 6.5 Stainless steel yarn set-up for preliminary electrochemical testing, with yarns separated by 
different distances. 
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With increased spacing, there was a significant drop in the C, up to 50% from 
1mm to 5mm (Fig. 6.6) and the R also increases. Table 6.1 displays the C and R as 
determined from CV at 10 mV/s and EIS at 1 kHz, as well as the predicted electrostatic C 
which is negligible in all cases (being in the pF). As seen from the electrostatic C, the C 
is heavily dependent on electrode spacing; diffusion of ions from one electrode to another 
is the main limitation in this electrochemical system. Equation 6.4 is used to calculate the 
estimated electrostatic C (Celectrostatic), where the dielectric constant for water (𝜀!"#$% =80.4)  is multiplied by the permittivity of vacuum (𝜀!)  multiplied by the area (A) of the 
yarn being 1 mm thick, and divided by the separation distance between electrodes (d).  𝐶!"!#$%&'$($)# = (𝜀!"#$% ∙ 𝜀! ∙ 𝐴)/𝑑                    (6.4) 
 
 
Fig. 6.6 Strands of flat steel yarns electrochemically tested at different distances prior to knitting for 
baseline C and R. (a) Shows the device C per length (mF/cm) of multiple samples at varying electrode 
spacing. C is taken from CVs at 10 mV/s. (b) R per length (Ω /cm) taken from 1 kHz during impedance 
spectroscopy. Linear fit (red line) for both completed in Origin Pro 2015. 
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Table 6.1 C and equivalent series Rs of strands of multifilament stainless steel yarns taken from cyclic 
voltammetry (CV), galvanostatic cycling (GV) and electrochemical impedance spectroscopy (EIS), as well 
as the calculated electrostatic contribution assuming the two electrodes are in water. Tested in aqueous 1M 
Lithium Sulfate. ESR accounts for a total device length of 4 cm + the length of the leads (8 cm). 
 
Electrode 
Spacing 
(mm) 
C @10 mV/s 
(µF/cm) 
ESR 
(EIS @ 1 kHz) 
(Ω/cm) 
Estimated 
Electrostatic C 
(nF/cm) 
1 31.4 2.875 0.45 
2 28.4 4.425 0.22 
3 25.8 4.55 0.15 
4 24.7 5.2 0.11 
5 18.1 5.85 0.09 
 
 
6.5 Electrochemical Testing of Fully Knitted Supercapacitors 
Based on the design of conventional supercapacitive devices, two types of devices 
were successfully fabricated with four more to be studied in future work. For the 
purposes of the knit structures described in this work, single layer jersey fabrics must 
have a minimum of 2 rows spacing between electrode yarns, which on a 12 gauge 
knitting machine is ~ 2mm spacing between electrodes. Conventional devices, as well as 
micro-supercapacitors can reduce the spacing down to 10-50 µm. Planar knitted 
geometries are not likely to reach this kind of minimal spacing even if the gauge is also 
significantly finer (such as 24 gauge = ~ 500 µm). Thus, the proposed planar devices in 
this work may not be capable of reaching performances of conventional supercapacitors 
as was achieved in Chapter 4, but provides a single step integrated process for 
incorporating them into flexible and wearable garments. However, finer electrode spacing 
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is possible in multi-layered 3D knit fabrics, where spacing is dependent on spacer yarn 
thickness and layers.  
Types of knit geometries: Fig. 6.7 shows three different electrode geometries, 
including stripe, interdigitated and 3D planar. This chapter will explore the 
electrochemical characterization of stripe and interdigitated electrode geometries. 
 Weft Stretching: Four stripe and three interdigitated knitted supercapacitors 
were electrochemically tested in 1M sodium sulfate at different points of elongation 
ranging from 0% to 33%. C values from cyclic voltammetry plotted against elongation 
are shown in Fig. 6.9. Both the stripe and interdigitated fabrics show an increase in C 
with elongation, and maintain a constant C when unstretched. Fig. 6.9 a shows three 
striped devices elongated up to 14, 21 and 29% their original length. An elongation of 
29% was the maximum a striped fabric could be stretched without beginning to tear the 
fabric or slip out of the clamps. However, it would appear that once a stripe fabric is 
elongated at least 20%, it reaches it’s capacitive maximum of ~0.8 mF +/- 0.05 mF. 
Additionally, elongation beyond 25% also resulted in electrical shorting of a few failed 
samples not shown here. Overall, there is good agreement between all results. 
The interdigitated samples show very similar behavior but can be stretched up to 
33% and maintain the same C around 1.7 mF +/- 0.1 mF. One of the three samples shown 
in Fig. 6.9 b maintains its C throughout the experiments. It would appear it had been 
stretched prior to electrochemical testing. So why is there an increase in the C at all?  
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Fig. 6.7 Photographs of knit supercapacitor structures. (a) Stripe knit geometry, the simplest of the three, 
while also a building block for them all. (b) Interdigitated knit geometry, intended to mimic conventional 
interdigitated supercapacitor geometries. The stripe and interdigitated are on a single plain of fabric, 
making them ideal for t-shirt or fine knit applications. (c) Planar 3D knit geometry, where each electrode is 
on the front and back of the fabric and is separated by a non-conductive spacer yarn inlayed between the 
two layers. This mimics conventional film electrode sandwiched configurations, (Chapter 3). 
 
 
 
Fig. 6.8 Textile electrochemical cell. A custom electrochemical testing device was built for the knitted 
supercapacitors, where each clamp also acts as a current collectors which connect directly to the 
potentiostat. Once the fabric is secured, the chamber can be flooded with electrolyte or gas, or could 
incorporate a gas bubble. When testing the right clamp can be adjusted to stretch the fabric. Fabrics are 
custom designed to fit in this chamber. Tests are carried out assuming a 2-electrode symmetric cell. 
Baseline contributions from any exposed surface from the current collectors is subtracted from reported 
values of C. 
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We first checked to see if the R had any significant changes that could result in a 
change in the C. R vs. elongation can be seen in Fig. 6.9 c-d for stripe and interdigitated 
samples. Though there is some variability, especially for the stripe devices, they maintain 
a similar R of 5.5 Ω  +/- 1 Ω, and 5.0 Ω +/- 0.5 Ω for interdigitated devices. This 0.5 – 1 
Ω variability is not sufficient to cause a 50% or more increase in C. Therefore there must 
have been a change in the knit or yarn structure. Images of the devices while being tested 
were taken prior to each experiment.  
 
 
Fig. 6.9 Device C and R vs. Elongation plots for interdigitated and striped geometries. (a) interdigitated 
device C vs. elongation for 3 different devices, C taken at 10 mV/s. (b) striped devices C vs. elongation 
from 3 devices also taken at 10 mV/s. (c) Device R vs. elongation for stripe devices taken from EIS where 
the curve crosses the x-axis. (d) Device R vs. elongation for interdigitated devices, also taken from the x-
axis. 
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 Fig. 6.10 shows the interdigitated devices being stretched in both the weft and 
warp directions at various elongations. On all of the weft stretched images, there is a 
2 cm scale bar which shows that even with a 33% elongation, the fabric electrodes 
maintain the same thickness of 2 cm. Again the electrostatic contribution even with an 
increase in the area (A) is negligible being in the nF. Therefore, smaller electrode spacing 
(Fig. 6.5) and thinner electrodes is not the cause for this increase in C, nor why the 
electrodes maintain the same C after stretching. This does explain why when unstretched, 
the electrodes maintain the same C since they have the same electrode spacing through 
the experiments. 
One other hypothesis, is that yarns do not evenly lay within the textile prior to 
stretching, meaning some stray fibers could be extended beyond the 2 mm spacing, 
resulting in a significant leakage current due to the uneven spacing of the electrodes. 
Upon stretching, the yarns are aligned and any stray or uneven material is pulled taught 
within the structure.  
Typically capacitors are made with precisely even spacing and electrode sizes 
because in reality the dielectric material is one large resistor that allows for a potential 
(V) gradient to form between the electrodes. Therefore, some electrons must flow across 
this dielectric or the circuit is considered an “open” or not connected. For obvious 
reasons this so-called “shunt” R (Fig. 2.13), is typically very high and very little current 
can leak from the system, which allows for supercapacitors to have long shelf lives with 
little to no discharge. However in capacitors with uneven spacing, the points that are 
closer will have a thinner dielectric material, resulting in a lower “shunt” R, and a higher 
leakage current at that point. These asymmetric leakages are typically the points of 
	  	  
147 
failure. For example, if each leakage point can be treated like a resistor in parallel (e.g., 
two 100 Ω resistors and a 1 Ω resistor), and the R of one is much lower, then according 
to ohms law, the total R will be even lower than the smallest resistor (0.98 Ω), meaning 
more leakage current can flow across the dielectric.  Fabrics can have many 
imperfections and variance in their spacing, or stray/frayed fibers that can act as points of 
high leakage current. 
 
 
Fig. 6.10 Images of interdigitated capacitor fabrics being stretched (a) weft stretching from 60 – 80 mm 
with 2 cm line marked down middle of each depicted device. (b) Warp stretching with electrode spacing 
measurements from 30 – 36 mm. 
 
 
	  	  
148 
 We hypothesize that stretching of the electrodes better aligns the steel yarns 
within the knit structure and ensures more even spacing. A common technique used in the 
textile industry for addressing variability within fabrics is called “blocking.” This 
technique stretches and steams a new fabric in order to align the yarns so it has an even 
warp and weft. If the yarns are crooked in these fabrics, it can often cause cut and sew 
garments to twist around the body, or become misshapen after washing31. For technical 
textiles that require consistent performance when stretched and deformed, this has 
significant implications since the knit structure does not appear to contribute to any 
variation in the C outside of it’s initial stretching. In previous work36, 51, 61, 83, 103 when 
materials have been stretched or bent while electrochemically tested, their capacitive 
decay was attributed to the fact that “it’s fabric” rather than due to a mechanical failure of 
the material. These finding would indicate that any change in the C after proper blocking 
of the device, should only be from changes to the electrode materials and not from 
changes in the knit structure. If this capacitive change could be exploited, these could 
also be used as electrochemical sensors. It may also be possible to convert these into 
capacitive touch sensors by making use of this leakage current. 
 Warp Stretching: For comparison with weft stretching, devices were also 
stretched in the vertical or warp direction. As seen in Fig. 6.10, as the interdigitated 
devices are stretched, their electrode spacing does change, increasing from 2 mm to 
3 mm. However the C, as shown in Table 6.2 again remains the same across all 
elongations despite increased electrode spacing. However there is an appreciable 
decrease in the R, reducing from 9.61 Ω down to 4.07 Ω when stretched. This reduction 
in R is likely due to the increased contact force between yarns, resulting in an RC that is 
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lower than 0.18 Ω as previously described above (Fig. 6.4), and the force between loops 
is greater than 200 N. There is also no apparent deformation of the metal yarns 
themselves. The change in electrode spacing (from 2 mm to 3 mm) does not result in 
more than a 0.03 mF change per length of yarn as initially shown in Table 6.1 (2 mm = 
28.5 µF/cm, and 3 mm = 25.4 µF). Therefore this combination of a small decrease in C 
(10%) with the improved R appears to balance out. Only at fast scan rates (e.g., 200 
mV/s) does R begin to play a more dominant role in the C, where the stretched devices 
retain a slightly higher C. If these were composed of amorphous carbons, there would be 
an even greater disparity at higher scan rates. 
 
Table 6.2 Warp stretched interdigitated C and R. 
Elongation (%) C (10 mV/s) 
(mF) 
R (EIS at x-axis) 
(Ω) 
0 1.71 9.61 
17 1.71 5.94 
33 1.75 4.07 
17 unstretched 1.76 4.35 
 
 
6.6 Predicting the C and R 
Based on the final measurements of the devices when stretched, the C can be 
approximated using the baseline electrochemical measurements for the steel yarn (Table 
6.1). Each knitted row can be treated like 1 resistor, and the rows are connected in 
parallel. Therefore the length of each row is used to determine the R. The C is 
proportional to the total length of yarn while taking the electrode spacing into 
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consideration. Each knitted row has a gradient of spacing, i.e., the middle-most material 
is further from the counter electrode than the outer most material on one finger. Therefore 
the C of the outermost material will be different from the innermost material. 
Approximate spacing for each geometry was determined for this model and can be 
described by Eq. 6.5, where the number of stitches (Nstitches) multiplied by the length of 
each stitch (Lstitch) which is ~ 0.54 cm, is multiplied by the C at a given spacing (Cspacing) as 
previously determined in Table 6.1.  
( Nstitches x Lstitch x Cspacing ) = Ctotal                (6.5) 
 
Stripe C 
Weft: 24 stitches @ 2mm, 24 stitches @ 3mm, 24 stitches @ 4mm 
𝐶 = 24 ∙ 0.028𝑚𝐹𝑐𝑚 + 24 ∙ 0.025𝑚𝐹𝑐𝑚 + 24 ∙ 0.024𝑚𝐹𝑐𝑚 ∙ 0.54𝑐𝑚 = 𝟎.𝟗𝟗  𝒎𝑭 
Warp: 36 stitches @ 3mm, and 36 stitches @ 4mm 
𝐶 = 24 ∙ 0.025𝑚𝐹𝑐𝑚 + 24 ∙ 0.024𝑚𝐹𝑐𝑚 + 24 ∙ 0.018𝑚𝐹𝑐𝑚 ∙ 0.54𝑐𝑚 = 𝟎.𝟖𝟔  𝒎𝑭 
 
Interdigitated C 
Weft: 88 stitches @ >5mm, Fingers: 42 stitches @ 2mm, 42 stitches @ 3mm, 12 stitches 
@ 5mm. 
𝐶!"#$ = 88 ∙ 0.012𝑚𝐹𝑐𝑚 + 42 ∙ 0.028𝑚𝐹𝑐𝑚 42 ∙ 0.025𝑚𝐹𝑐𝑚 12 ∙ 0.012𝑚𝐹𝑐𝑚 ∙ 0.54𝑐𝑚 = 𝟏.𝟖𝟓  𝒎𝑭 
 
Warp: 88 stitches @ >5mm, Fingers: 42 stitches @ 3mm, 42 stitches @ 4mm, 12 
stitches @ 5mm. 
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𝐶!"#$ = 88 ∙ 0.012𝑚𝐹𝑐𝑚 + 42 ∙ 0.025𝑚𝐹𝑐𝑚 42 ∙ 0.024𝑚𝐹𝑐𝑚 12 ∙ 0.012𝑚𝐹𝑐𝑚 ∙ 0.54𝑐𝑚 = 𝟏.𝟕𝟓  𝒎𝑭 
 
The estimation for the stripe device is high, being 0.99 mF vs. the measured C of 
0.8 mF, but is certainly within a reasonable range. It is possible that charge is not evenly 
distributed through the length of the electrodes, which results in a reduced C, similar to a 
“dead layer” in a film electrode that is too thick for electrons or ions to permeate into the 
less conductive carbon. 
The estimation for the interdigitated electrode is much closer being 1.85 mF vs. 
the measured 1.7 mF. Again the estimated C is higher than the actual, but the 
interdigitated can be compared to multiple stripe devices in parallel, which would reduce 
the R per finger compared to a single stripe, and allow for better electron permeation and 
even charge distribution.  
Both devices also have similar measured R despite having very different C, 
therefore the interdigitated is expected to have a faster time constant (τ) if τ = RC. 
Therefore, if the stripe device has a slower charge-discharge rate than the interdigitated 
this would also explain its lower C when determined from CV at the same scan rate 
(mV/s).  
 The R can be described by Eq. 6.6, where as shown in Eq. 6.5, the total R is 
proportional to the number of stitches (Nstitch) multiplied by the length of yarn per stitch 
(Lstitch) multiplied by the R per length of yarn. Then following Eq. 6.1 and 6.2, each row 
of knit material is treated as a resistor in parallel with another knit row. 𝑅 = !!!!"#"$!∙!!"#"$!∙!!"#$%!! !!!"#"$!∙!!"#"$!∙!!"#$%!                  (6.6) 
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Stripe R 
2 x rows of 36 stitches 
𝑅 = 1136 ∙ 0.54𝑐𝑚 ∙ 0.34Ω𝑐𝑚 + 136 ∙ 0.54𝑐𝑚 ∙ 0.34Ω𝑐𝑚
∙ 2!"!#!"#$%& = 6.6  Ω 
Interdigitated R 
Series resistor: 2 x rows of 16 stitches 
Parallel resistors:16 x rows of 4 stitches, 6 x rows of 20 stitches 
𝑅 = !!"∙ !!∙!.!"!"∙!.!"!!" ! !∙ !!"∙!.!"!"∙!.!"!!" +
!"∙!.!"!"∙!.!"!!"! ∙ 2!"!#$%&'!( = 3.022  Ω  
 The predicted R for the stripe device is 6.6 Ω, which is on par with the measured 
R of 5.5 Ω +/- 1.0 Ω as seen in Fig. 6.9 c. As for the interdigitated, the predicted R is 
much lower than the measured 5.0 Ω +/- 0.5 Ω, being 3.0 Ω, but still on the same order of 
magnitude.  The calculations only take the electrical R into consideration, while the ionic 
contribution may vary depending on the system geometry and electrode spacing. 
Additionally, the initial measurements for R of single, double and triple knitted 
conductive rows (Fig. 6.3) demonstrated good consistency between prediction and 
measurement, but were for a system similar to the stripe. The interdigitated devices have 
a range of electrode spacing, which likely allows for more pronounced ionic R 
contribution.  
Overall, the methods used to predict the C and R of yarn materials when 
transformed into fully knitted devices is a good way to estimate how a material will 
perform prior to fabrication, though more in depth modeling will be required to 
incorporate the ionic R. Additionally, for researchers that do not have access to industrial 
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knitting equipment, this can be used as a resource to predict how their materials may 
perform on the larger scale, as well as determine if adjustments to the knit designs will be 
needed for specific applications.    
The planar electrode design, made as a “spacer fabric” (Fig. 6.7 c) is a design that 
like conventional film electrodes, maximizes the C while minimizing R per area, and 
presents more tunability in the electrode spacing, potentially less than 1 mm. The devices 
were fabricated, but there is still significant electrical shorting between the layers, and 
more iterations of the device will be required prior to electrochemical testing. Per unit 
area, this design will also have three-times the C compared to the stripe and interdigitated 
designs since both electrodes and the separator are stacked on top of each other.  
 
6.7 Conclusions 
In conclusion, weft knitted supercapacitive devices were successfully fabricated 
using a model material system in order to study the knit structure’s affect on the 
capacitive performance. These devices are also single layers of jersey knit fabric, which 
is one of the most commonly used structures in the textile and fashion industry, meaning 
these devices will have broad applications from t-shirts to high performance sportswear.  
Upon initial stretching there is a clear increase in C, but it is not due to decreased 
electrode spacing, rather the alignment of the yarns within the fabric, decreasing the 
overall leakage current.  
Lastly, it is possible to predict the C and R of a fully knitted device from 
experiments where yarns are tested at different electrode spacing.   
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With fully knitted devices now developed, and three types of screen printed and 
NFW electrode materials reported in previous chapters, the final question that should be 
answered is “what can they power?” Prior to comparing these devices to commercial 
supercapacitors and coin cell batteries, the next chapter will also explore energy 
harvesting knitted antennas knitted in combination with the interdigitated devices 
described in this chapter in order to demonstrate their applicability.  
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Chapter 7.0: Application of Textile Supercapacitors 
 
 The applicability of any research can be the driving force and focus of the work. 
Energy storing textiles in particular have been researched in order to address the energy 
needs of the smart textiles industry, where many commercially available devices still 
require solid coin cell batteries or pouches. This chapter explores one application where 
an energy harvesting antenna can be combined with a knitted supercapacitor in order to 
harvest and store energy for wearable applications. The second part of this chapter 
compares the energy and power densities of all the reported materials with an activated 
carbon film electrode (Chapter 4), a commercially available coin cell supercapacitor, and 
a li-ion coin cell battery. Lastly the total amount of surface area is determined to power a 
Pebble smart watch. 
 
7.1 WiFi harvesting antennas with integrated textile supercapacitors 
 As briefly described in Chapter 1, energy storage devices are often paired with 
energy harvesting systems such as piezoelectrics, thermoelectrics, or solar panels in order 
to compensate for the times that there is no sun, or the wearer is not moving enough to 
generate sufficient energy and power. Additionally, given that most textile energy storage 
systems suffer from lower energy density, pairing them with energy harvesting devices 
would allow for smaller storage devices to be used, ultimately increasing their viability. 
Therefore, now that working knitted supercapacitors were developed (Chapter 6), was it 
possible to pair knitted supercapacitors with a knitted energy harvesting system?  
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 In collaboration with the Electrical and Computer Engineering Department 
(ECE), knitted antennas were developed to absorb electromagnetic radiation at the WiFi 
frequency (2.4 GHz) (Fig. 7.1). The antenna was based off of a previous design for a 
folded-dipole antenna that had a 60% conversion efficiency of received WiFi power into 
DC electrical conductivity111. The antenna dimension design and the rectifying circuit 
were developed in ECE. This chapter will cover the antenna and supercapacitor fabric 
design and briefly discuss the antenna performance and charging of the supercapacitor.  
 
 
Fig. 7.1 Conceptual block diagram of components to be integrated into a single textile, including (a) a 
textile antenna, (b) rectifying circuitry and (c) textile supercapacitor. Figure courtesy 2014 Senior Design 
Group Winter Report, Drexel Wireless Systems Lab.  
 
  
Initially a simulation of the antenna was created to determine if the design was 
worth exploring in textile form, and to determine what dimensions would be required to 
tune the antenna to 2.4 GHz. The simulation assumed the antenna was composed of 
copper, and with dimensions of 61.55 mm x 25.2 mm (Fig. 7.2). Of course when 
converting these measurements and material properties to textiles, there are greater 
limitations and considerations. The 12 gauge machines have a resolution of ~ 1mm per 
stitch, meaning, 61.55 mm would be converted to either 61mm or 62 mm. The textiles are 
also porous conductive structures, meaning they may not perform the same way as solid 
a. b. c.
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copper. The material used to knit the antennas was also silver coated nylon yarn, which 
was more resistive than copper, being ~ 0.5 Ω/cm. Nevertheless, a textile antenna was 
programmed and fabricated using the same techniques as described for the knit 
supercapacitors.   
 
 
Fig. 7.2 Antenna simulation with estimated dimensions, assuming the conductive material is copper. 
Figure courtesy 2014 Senior Design Group Winter Report, Drexel Wireless Systems Lab.  
 
 
Testing the antenna performance: Before combining the antenna with the 
supercapacitor, a single antenna was knitted and tested. The textile antenna can be seen in 
Fig. 7.3 a-b both flat and stretched for testing. In order to determine if the textile antenna 
is radiating at 2.4 GHz, a network analyzer is used to input a signal at a range of 
frequencies, and the loss is recorded (Fig. 7.3). Generally speaking, the signal loss can be 
attributed to either resistive heating (typically taking place around a few dB), or the 
antenna is radiating the signal, where any loss below -10 dB means 90% of the input 
power is lost, which can only be attributed to the antenna emitting a signal. The 
frequency at which there is the highest loss is typically used as the operational frequency, 
though “broad-band” antennas that can send and receive information at multiple 
frequencies are also used112.  
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Fig. 7.3 Return loss plots for imaged textile antennas. (a) Photograph of flat test of knitted antenna. (b) 
Photograph of stretch testing apparatus for knitted antenna. (c) simulated return loss plots for a copper 
model of the same dimensions. (d) Measured return loss of the textile antenna when flat, stretched 5mm 
and stretched 10mm. Figure courtesy 2014 Senior Design Group Winter Report, Drexel Wireless Systems 
Lab.  
 
Based on a copper simulation, the return loss is modeled in Fig. 7.3 c, and the 
measured return loss is shown in Fig. 7.3 d, and despite being completely textile and 
Simulated Results (based on copper model)
Measured Results (stretched textile samples)
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composed of different materials, is in reasonably good agreement with the simulation. 
There is a clear decrease in the loss around 2.4 GHz when stretched, but all loss remains 
above -10 dB, meaning these antennas are radiating with sufficient performance to be 
used for WiFi absorption.  
 
 
Fig. 7.4 Fully knitted energy harvesting and storage system. (a) multiple knitted devices secured in 
embroidery hoops. (b) front of the antenna and supercapacitive fabric. (c) back of the device, also revealing 
a pocket for housing on-chip circuitry, such as the rectifying circuit. (d) close up of knitted antenna, 
composed of silver coated nylon. (e) back of antenna. (f) close up of pocket with right side opening and 
conductive leads to connect the inserted chip with the antenna and supercapacitor.  
 
 
Assembling the entire system: Once the antenna was finalized, a knit 
program was completed that incorporated the antenna, supercapacitor, and a pocket to 
house the rectifying circuit (Fig. 7.4). The pocket also incorporated conductive elements 
to be in electrical contact with both the antenna and supercapacitor without the need for 
soldering leads on. The program itself utilized 7 machine carriers, two for the stainless 
	  	  
160 
steel supercapacitor, two for the silver coated nylon antenna, and three for the non-
conductive material.  
In it’s final form, the system was shown to charge the supercapacitor to 80 mV in 
15 minutes. This system is a working proof of concept, but much improvement is still 
needed to make this a mass marketable product. This low achieved voltage is due to both 
the low power output from the antenna (i.e., low current output) which based on the 1 mF 
capacitance, typically also correlates to a lower voltage. The capacitor may also suffer 
from some leakage current. Additionally, the rectifying circuit needed a better matching 
network in order to improve the efficiency of the WiFi conversion to DC power. 
Nonetheless this is one of the first reported instances where two completely knitted 
energy technologies are demonstrated to work together in the same piece of fabric. 
 
7.2 Putting the energy and power densities into perspective for real world 
applications 
 The materials produced in chapters 3-6 will be compared to a 3V Li-ion coin cell 
battery, which is currently used in many smart textile applications. Of course, being 
supercapacitors, the technology itself typically stores 1/10th the energy of a battery, but 
can deliver more power. These estimations will put our energy and power densities into 
perspective, as well as highlight where improvements and future work will be needed. 
Table 7.1 shows all the materials as full devices with their capacitance, resistance, 
voltage, energy and power densities side by side.  
 The Li-ion coin cell battery, (rechargeable CR2450) rated for 110 mAh, has the 
highest energy density of over 300 J/cm2, but the power (assuming a discharge time of 8 
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hours) is only 0.01 W/cm2. The commercially available supercapacitor, rated for a 
maximum of 3.3 V has ~ 1/100th the energy density of the battery due to it’s high internal 
resistance, but 4 times the power. There are other supercapacitor products on the market 
that are capable of delivering even higher power, this particular product was chosen 
because it is approximately the same thickness as the Li-ion coin cell battery, in order to 
give a fairer comparison per area.  
 Table 7.1 also shows the NFW yarns from Chapter 5 if knitted into stripe and 
planar geometries. It is clear that if the planar geometries could be fabricated without 
electrical shorting, the power and energy densities are promising because of their low 
electrical resistance compared to the film electrodes or screen printed electrodes. The 
values for resistance however, assume that the electrode yarns will behave as wires in 
parallel as described in Chapter 6. However, these will not be 100% metallic, and contact 
resistance will play a more significant role as initially reported by Li et al.109 Therefore 
we can expect to have a higher internal resistance, which will lower the power, but 
overall these numbers are promising. If the resistance were increased to 22 ohms (to be 
on par with the AC film electrode) the resulting power would still be 0.01 W/cm2, which 
is directly on par with the Li-ion battery.  
As seen in Table 7.1, the main limiting factor for all of the textile devices reported 
in this thesis, is the limited voltage window due to the aqueous based electrolytes. 
However, all of the electrolytes used for textiles are non-toxic and non-hazardous unlike 
electrolytes commonly used in Li-ion batteries (LiPF6) and conventional supercapacitors 
(TEA-BF4 in acetonitrile), which allow their voltages to be significantly higher.  
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Table 7.1 comparison of electrode material metric with commercially available Li-ion coin cell and 
a commercially available supercapacitor. Energy and Power are determined using equations 2.17 
and 2.18.  
Electrode 
Type 
F/cm2 Structure type 
Resistance 
(Ωcm2) 
Voltage 
(V) 
Energy 
(J/cm2) 
 
Power 
(W/cm2) 
 
Pebble 
(cm2/day) 
Li-ion 23.30 Coin cell n/a 3.6 302 0.01* 0.7 
AC 
Supercap 
0.56 Coin cell 72 3.3 3.03 0.04 67 
AC 
Supercap 
+gel 
electrolyte* 
0.66 Sandwich 22 0.8 0.21 0.01 962 
Screen 
printed AC 
on cotton 
0.24 Sandwich 4 0.8 0.08 0.04 2645 
Screen 
printed AC 
on knitted 
CF 
0.51 Sandwich 14 0.8 0.16 0.01 1245 
AC-St-NFW 
Cotton 
0.27 Stripe* 32.4 0.8 0.09 0.005 5313 
AC-NFW 
Linen 
0.08 Stripe* 32.4 0.8 0.025 0.005 8016 
AC-St-NFW 
Cotton 
1.33 3D Planar 
sandwich* 
1.62 0.8 0.43 0.10 476 
AC-NFW 
Linen 
0.40 
3D Planar 
sandwich* 
1.62 0.8 0.13 0.10 1603 
Steel 0.12 Interdigitated 5 0.3 0.01 0.005 36372 
* Coin cell power based on an 8 hour discharge time typical for many applications. 
*NFW yarns were not tested in various knit configuration, these are estimations based on calculations made 
in Chapter 6. 
Both the Li-ion coin cell and AC supercapacitor specifications were sourced from Sparkfun Electronics, 
(https://www.sparkfun.com/products/10319) and (https://www.sparkfun.com/products/retired/10317). 
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Powering the Pebble: So what can we power with these devices? With many 
new wearable technologies appearing on the market, the Pebble smart watch in particular 
makes the best use of a single Li-ion battery of 4.7 cm2 (similar to the one listed in table 
7.1) and can last for 7 days between charging, which means ~ 0.7 cm2 is needed to store 
one day’s worth of charge. To match the energy density required for 24 hours of 
operation, 67 cm2 would be needed from a conventional AC supercapacitor. From the 
estimated 3D planar sandwich design composed of AC-St-Cotton yarn would still require 
467 cm2. Table 7.1 displays all the surface areas needed to power a Pebble smart watch 
for 24 hours.  
The main limitation for supercapacitors overall for long term storage, is the lower 
energy density. Especially for the textile supercapacitors, the operational voltage of the 
aqueous and non-toxic gel electrolytes only ranges from 0.8 – 1.2 V, which lowers both 
the power and energy densities significantly, compared to the Li-ion battery which can 
operate at 3.6 V. For this reason, often many smaller devices are wired in parallel. For 
example, if 8 planar textile devices using the AC-St-NFW cotton yarn were wired in 
series, the capacitance would drop to about 1/8th of 1.33 F/cm2, to 0.17 F/cm2, but the 
voltage would be increased to 6.4 V. By increasing the voltage of the device the energy 
density is now 3.41 J/cm2, which higher than the commercial supercapacitor. This means 
in ~ 60 cm2 instead of 476 cm2, a textile supercapacitor could power the Pebble watch for 
1 day. For a small wrist, a watch wristband would need to be ~ 20 cm x 3 cm, a total area 
of 60 cm2. Therefore, this new wearable technology could have the wristband also serve 
an energy function while looking and feeling like fabric. Moreover, with careful design 
and fabrication, the wiring of these electrodes in series could also be incorporated as an 
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aesthetic design. One caveat to this design is leakage current, since leakage increases 
with both increasing voltage and increasing capacitance113, where voltage has a less 
pronounced effect. Since this is a very low power and energy application, experiments 
will need to determine what an acceptable leakage current should be.  
It is also important to note that these geometries are not limited a particular 
material, rather it is possible to make planar or interdigitated knit batteries, or asymmetric 
capacitors by incorporating battery materials into yarns, or knitting each electrode of a 
different material. Therefore, there is much more work that can be explored, and these 
devices, with the proper material selection and development, can be tuned for specific 
applications.  
 
7.3 Conclusions 
 Here we have demonstrated multiple knit energy technologies assembled and 
operating in a single piece of fabric. This system can be also easily adapted and 
incorporated into larger textiles and full garments based on the knit programs already 
produced. Therefore, this system, upon further refinement will be ready for mass 
manufacturing immediately. Additionally, using similar knitting technique, new knit 
technologies can also be immediately incorporated with this energy system, much like 
components can be designed onto circuit boards.  
 As for powering a commercially available device, here it was shown that ~ 60 cm2 
of surface area, the approximate area of a watch wristband, could provide power to the 
Pebble smart watch for 24 hours. With further improvement to the capacitance and 
operational voltage window for a single electrode, that could be improved even further.  
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The next chapter briefly discusses some of the future work that is still needed to 
address the issues of power and energy density, voltage window, and possibly water 
proofing. 
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Chapter 8.0: Suggested Future Work 
 
There are three key challenges that remain in this work on textile energy storage, 
including the increasing the voltage window, doing so with a non-toxic, highly flexible, 
non-liquid electrolyte, and water proofing the devices for safe use against the skin. 
Voltage Window: As denoted by the field-wide famous equations for 
calculating power and energy, both are proportional to V2, which means capacitance and 
resistance certainly play a role in device performance, but not to the extent that the 
voltage can. However, in all the work reported in this thesis, all devices had operational 
voltages < 1V because they were all water based (electrolysis occurs at 1.23 V). Sodium 
and lithium sulfate have been shown in some studies to reach up to 1.6 and 1.8 V of 
operation with good stability over time114 but these electrolytes are still liquid, posing 
problems of leaking onto the wearer. PVA based gel electrolytes also contain water but 
can be dry to the touch. However, these are often even further limited to 0.8 V to ensure 
there is no electrolyte breakdown over time. Possible materials that could be explored for 
solid or gel electrolytes include ionogels, or ionic liquid gel electrolytes, nafion, and 
many other polymer based systems. It is possible that different solvents could also be 
used with the PVA based gels to increase the voltage window while also being non-toxic 
and safe to wear. Asymmetric capacitors could also be used to expand the voltage 
window. 
Leakage currents against the skin: Skin is conductive, which means when a 
textile supercapacitor is against the skin, it can cause an electrical short or severe leakage 
current. Therefore the devices will need to be insulated in one form or another. One 
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proposed method was to cross-link the PVA gel electrolyte so it is no longer water 
soluble. Then when used to coat the electrode materials, the electrolyte can also act as the 
insulator.  
 New knit structures: The three structures described here are not the only 
proposed devices that were developed in chapter 6. Two additional spacer fabric designs 
were developed to insulate the electrode materials from the skin, where the spacer yarn is 
arranged as either a stripe or interdigitated supercapacitor, and the front and back of the 
fabrics would be non-conductive. 
Yarn geometries: In this thesis, only one yarn-electrode twisting geomtry was 
explored. However, there are a wide variety of 2 or 4-ply yarns, core-shell, crepe etc., 
that could be manipulated and used as supercapacitor electrode geometries. It is also 
possible that different geometries will have improve and even charge distribution along 
the length of yarn. It is also possible that certain geometries can minimize leakage 
currents and other parasitics. There is also the issue of connecting these supercapacitors 
with other devices in the knit fabrics, and this can be done more easily with more metal 
exposed in the yarns, for example.  
 Dynamic in-situ electrochemical testing of fully knitted 
supercapacitors: The electrochemical cell developed and described in Chapter 6 that 
was used to electrochemically test textile supercapacitors while stretched could be further 
improved. First, there is no way to determine how much force is applied to the fabric 
when stretched; therefore a sensor could be installed to determine this. Moreover, the 
stretching was done by hand, and for the convenience of conducting long-term studies 
remotely, a remotely operated computerized motor could be installed. With a 
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computerized motor, dynamic stretching (i.e., continuous stretching while measuring the 
voltage or current) could also be accomplished to give greater insight into the 
performance of the textile when on a moving body. In this way electrochemical data can 
be correlated to tensile data and with stretching patterns. This type of system could also 
be used without the liquid electrolyte to test the supercapacitor with other devices 
embedded in the same fabric. 
 Try batteries?: As described above, one of the main limitations to powering 
some devices is both the low voltage as well as the low capacitance as compared to a 
battery. All the knit geometries and material fabrication processes in this work can be 
converted for battery or pseudocapacitive materials.   
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Chapter 9.0: Conclusions 
 
 In summary, methods for producing textile supercapacitors were successfully 
explored and electrochemically characterized. It was shown that screen printing allows 
for the impregnation of capacitive carbon materials to perform as comparably as a 
conventional film electrode, with capacitances per area as high as 0.51 F/cm2, while still 
being textile and flexible.  
It was also shown that NFW can be used as an alternative and more permanent 
impregnation technique for AC and graphene electrode materials into commonly worn 
cellulose yarns, with capacitance as high as 37 mF/cm. Electrode yarn arrangements and 
fabrication also play a crucial role in conductivity and charge distribution throughout the 
material. Moreover, it is clear that not all electrode yarns are mechanically stable enough 
to be knitted, therefore all reported electrode yarns should be mechanically tested and 
fabricated on industrial equipment to determine if it is truly viable for wearable and 
textile applications. 
Finally, multiple knit supercapacitors were programmed and electrochemically 
characterized as potential geometries that can be used in future studies. A simple model 
was also developed for researchers without access to computerized knitting machines to 
estimate their yarn performance as a full fabric.  
For the commercialization of these materials and devices, more work will still be 
needed to improve the voltage window and energy density. However, a range of 
fabrication techniques have been reported here, and can be used to develop new material 
systems in the future. 
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